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ERRATA ET CORR 

line 7, for ‘ anterior ? read ‘ posterior 

legend of Fig. 540, insert 4 d, ductus 
line 3 from bottom, for 4 849 ’ read ‘ 949 
legend of Fig. 600, insert ‘ sa, sinus endolvmphaticus 
line 19, insert before 4 Evans ‘ Delaroche, Dufosse \ 
line 18 from bottom, insert 4 Baglioni, Latter ’ before 4 Dakin 
line 1 for 4 contributes ’ read ‘ contribute 

legend of Fig; 619, and p. 619 legend of Fig. 621, insert 4 pic, 
splanchnocoele 

legend of Fig. 630, throughout for 4 right ’ read 4 left’, 
legend of Fig. 655, insert 4 sc, splanchnocoele 
line 3 from top, for 4 Fig. G65 4 read 4 Fig. 655 '. 
legend of Fig. 68o, for 4 cardinal view ’ read 4 cardinal vein 
line 4 from bottom, for 4 Fig. 747 ’ read 4 Figs. 745 and 750 *. 
line 2 from bottom, for 4 ophthalmicus ' read 4 ophthalmica \ 

legend of Fig. 748, c?i ., for 4 iris ’ read 4 dilatator iridis ’ ; for 4 //, 

motor fibres ’ read 4 somatic motor fibres ’ ; 12c ., for * to iris ’ read 
to sphincter iridis 

line 14 from bottom, for 4 Geol. Mag. ; . 1914' read 4 Anat. Anz 
v. 44 . 1913'. 

reference No. 933, for 4 Reis es ’-re ad ‘ R e i s 

in Index, insert * Weber’s apparatus,"W, 599 f., 600 L*. 








CHAPTER IX 


VISCERAL CLEFTS AND GILLS 

The Visceral Clefts and Gills.— Gill-slits in general, p. 486— Structure and 
function of gill-slits in Amphioxus, p. 486 —General development and 
number of gill-slits in Vertebrata, p. 487— Their intersegmental disposition, 
p. 489— Branchial clefts and bars, p. 490— Gill-lamellae, p. 490— Branchial 
apparatus and respiration in Cyclostomata, p. 493— Gills of Selachii, p. 497 
-Opercular folds of Holocephali and Osteichthyes, p. 498— Gills of 
Dipnoi, p. 499, Teleostomi, p. 500—Gills of Stegocephalia, p. 500—Gills and 

p. 500— Amniota, p. 501 —External 
gill-filaments of Elasmobranchii and Teleostomi, p. 501— True external 
gills of Dipnoi, Polypterini, and Amphibia, p. 502— Balancers of Urodela. 
p. 502— Ectodermal or Endodermal covering of gill-lamellae in Gnatho- 
stomes and Cyclostomes, and their homology, p. 504. 


THE VISCERAL CLEFTS AND GILLS 


Of all the characteristic features of the vertebrate phylum few are more 
fundamental than the gill-slits. Serving primarily for the passage of a 
respiratory and nutritive current of water from the pharynx to the 
exterior, they occur not only in the Cephalochorda, Cyclostomata, and 
Pisces, but also in Amphibia, and in a more or less reduced condition in 
the embryonic stages of all Amniota. Moreover, their presence in Tunicata 
Enteropneusta, and Pterobranchia is evidence that gill-slits were pos¬ 
sessed by the common ancestor of all these groups. 

The structure of the gills of Amphioxus is so well known that it need 
not here be described in detail ; suffice it to say that each primary slit 
is subdivided by a tongue bar into two secondary slits and these again 
by delicate synapticula, and that the whole sieve-like structure is sup¬ 
ported by an internal chitinoid cuticular skeleton 1 (Willey, 94 • 
Benham, 1893; Boveri, 814). The atrium into which the gill-slits open 
arises as a ventral invagination of the ectoderm (Lankester and Willey, 
792), and has probably been derived phylogenetically from paired 


The gills of the Enteropneusta so closely resemble those of Amphioxus 
that, m spite of Spengel s objections (1893). we seem justified in supposing 
that m many respects they are strictly homologous (tongue-bars, synapticula 

ffill Chambers of F 7 ^ \ Um of Amphioxus, of Tunicata, and the outer 

gill-chambers of Enteropneusta correspond. 
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longitudinal grooves joining the external gill-apertures. Although the 
gill-slits of Amphioxus are no doubt respiratory, yet their great develop¬ 
ment and large number are probably specialisations related to another 
function, namely, the creating by means of their cilia and sifting of a 
current of water carrying food particles which are caught in mucus 
secreted by the endostyle. I he food material so entangled is driven 
upwards along the peripharyngeal ciliated grooves and obliquely over 
the inner surface of the gill-bars to the dorsal groove, whence it passes 
backwards to the intestine (Orton, 796). In aquatic Craniata the re¬ 
spiratory function is dominant and the gill-bars become provided with 
thin-walled lamellae ; but even in them gill-rakers are generally present 
along their inner edges which serve to prevent food from passing out of 
the pharynx, and in some fishes the bars may be armed with teeth which 
help in mastication, Fig. 599. 

The gill-slits develop by the meeting of paired outgrowths of the 
endodermal wall of the pharynx with the outer ectoderm, and the piercing 
of the thin membrane so formed, Figs. 514, 517. Usually corresponding 
shallower ectodermal ingrowths meet the pharyngeal pouches. When the 
membrane is pierced the limit between ectoderm and endoderm soon 
becomes obscured and lost. The gill-slits develop from before backwards, 
and their number is increased or decreased at the end of the series (though 
the first pair may be closed, see below, p. 519), and behind the open 
slits there are usually to be found some incompletely developed owing 
to the failure of the pouch to reach the ectoderm, or of the closing 
membrane to become pierced. Speaking quite generally, the number of 
gill-slits is larger in the lower than in the higher vertebrates. But if 
we ask how many were present in the ancestral Vertebrate, no definite 
answer can yet be given. The very large number of slits seen in Am¬ 
phioxus, some 180 pairs in the adult, can hardly be truly primitive. The 
whole pharynx and its slits have probably been greatly extended in 
adaptation to the mode of feeding by ciliary action ; indeed, new slits 
seem to be added throughout life, or at all events so long as the animal 
continues to grow. Nevertheless, it is probable that the slits were originally 
more numerous than in modern Pisces, in which there are never more 
than eight and usually only six pairs of visceral clefts. 1 For in the Cyclo- 
stomes, where the first cleft is obliterated in ontogeny (Dohrn, 333, 780 ; 

1 In Amphioxus the first gill-slit is closed in development (Willey, 94). 
The first slit in Craniata is always modified, and usually closed, but may remain 
as an open spiracle in some Pisces ; it corresponds to the facial nerve, is 
situated between the mandibular and the hyoid arches, and usually goes by 
the name of spiracular slit or pouch (p. 519). The more posterior truly 
respiratory slits are called branchial. 
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Dean, 778), there may remain as many as 14 pairs of open branchial 
slits : 7 in Petromyzontia, 6 (and an oesophageal duct) in Myxine, and 
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6 to 14 (and a duct) in Bdellostoma, Figs. 518-19. In the majority of 
Pisces there are 5 pairs of branchial slits ; but among Selachians there may 
be more (6 in Hexanchus and Chlamydoselache, 7 in Heptanchus 6 in 
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Pliotrema, an aberrant Pristiophorid (Regan, 798)). The earliest known 
fossil fish, the Ostracodermi, appear to have usually possessed not more 
than ten pairs of slits. Traces of a posterior vestigial slit or visceral 
arch have been described in Selachii by various authors (Hawkes, 689, 
Daniel, 674, in Heterodontus; Goodey, 685, Braus, 673, K. Fiirbringer, 
681, in Notidanids, etc.). Moreover, the suprapericardial body (ultimo- 
branchial body) is considered to have been derived from a vestigial pouch 
behind the last branchial slit. In the Tetrapoda, also, four or five visceral 
pouches are usually developed behind the spiracular (5 in Amphibia, 4 in 
Aves, 5 in Mammalia). A posterior vestigial sixth pair has been described 



rio. 514 


verseW 1ZO A t St S a e e C e ti I ,nS ° f P hary ? x of e “ br >’° ScyUium canicula, cutting gill-bars trans- 

outcr surface S K ‘ fl * Vascular arch J *, coelomic canal ; ect and etc, ectoderm on 

flattened muscular’Dlate in R • S t urfaC€ ..» m ' lube of laU - ral plate mesoderm in A, giving rise to 

a muscular plate m B , n, post-trematic nerve ; p, endodermal gill-pouch ; si, gill-slit. 


in Urodela, and even a seventh in Apoda (Marcus, 752). We may 
conclude that the original number of slits in the ancestral Gnathostome 
was not very large, possibly only seven or eight including the spiracular. 

Whether the gill-slits were originally segmental is an interesting 
question. In no adult Vertebrate does branchiomerism correspond 
strictly with the metamerism of the body as indicated by the myotomes. 
When in the embryo an endodermal gill-pouch grows outwards it meets 
and pierces the lateral plate mesoderm to reach the ectoderm (p 487) 
and since the primary segmentation has already disappeared in this plate’ 
the exact relation the pouch may have borne to the mesoblastic segments 
is obscured. Nevertheless, it is probable that they were originally inter- 
segmental in position. At their first appearance the first few pouches 
alternate with the segmental somites above them ; but, owing to dif- 
ferentia! growth, the great enlargement of the gill-pouches and arches, 
eir en ency to spread backwards, any such original correspondence 
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is soon lost, especially in Gnathostomes. Strong evidence that the 
visceral clefts were originally intersegmental is afforded by the nerves ; 



Scylliutn canicula, embryo 32 mm. 
long ; portion of horizontal section 
through wall of pharynx showing two 
branchial arches cut transversely, af. 
Afferent vessel ; aef, pcf, anterior and 
posterior efferent vessels ; ca, mesenchy- 
matous rudiment of skeletal arch ; cv, 
cross commissural vessel ; eg, external 
gill-filament ; g, anterior gill-lamella ; 
i, inner cndodermal surface ; n, post- 
trematic nerve ; o, outer ectodermal 
surface. 


for behind each passes the main branch 
of one segmental (really intersegmental) 
dorsal-root nerve in regular sequence (see 
p. 219). This is particularly striking in 
the larval Amphioxus (Goodrich, 1909) 
and in Petromyzon. 

Leaving aside for the present the special¬ 
ised spiracular slit, we find that the branchial 
clefts are separated from each other by 
branchial bars (gill-arches), covered by 
ectoderm on their outer and endoderm on 
their inner surface, and containing lateral 
plate mesoderm with a coelomic cavity. 
This cavity, the remains of the coelom of 
the lateral plate in this region, persists in 
Amphioxus , Fig. 707, but is soon obliter¬ 
ated in the embryonic stages of Craniata, 
Figs. 514, 517. From its walls, however, 
develop branchial muscles (p. 219). In the 


aquatic gill-bearing Gnathostomes the large 


branchial pouches are compressed and open into the pharynx by 
dorso-ventrally elongated slits. The intervening bars are differentiated 


into an inner region contain¬ 
ing the skeletal arch, and an 
outer region or septum pass¬ 
ing obliquely backwards to¬ 
wards the surface, containing 
nerves and blood-vessels and 
bearing the respiratory lamel¬ 
lae. Primitively, no doubt, 
the visceral clefts all opened 
separately to the exterior as 



Fig. 516. 


they still do in modern Se- 
lachii, Fig. 513. 

The respiratory lamel¬ 
lae of Pisces are typically 
thin folds extending from 


Section across gill-bar of Scyllium canicula, late embryo 
32 mm. long, showing blood supply to lamellae. aef and 
pef, Anterior and posterior efferent vessels ; af, afferent 
vessel; al, anterior lamella ; b, branchial bar; em, external 
constrictor muscle ; gr, gill-ray ; grk, gill-raker; itn, 
adductor branchialis muscle ; n, nerve ; pi, posterior 
lamella continued into external filament, cut short ; s, 
gill-septum. 


the gill-septum, and set transversely to the axis of the gill-bar, Figs 
515-17. They bear on their upper and under surfaces numerous 
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small transverse secondary folds (Riess, 799 ) Plehn, 797 i Moroff, 793 4 )* 
It is in these secondary folds that the respiratory exchange chiefly takes 
place. They are thin plates the walls of which consist of a delicate flattened 
outer ectodermal epithelium and a subepithelial layer of very thin under¬ 
lying connective tissue ; covered by these epithelia is a middle vasculai 
layer with a network of capillaries through which blood flows from the 



Fig. 517. 

Diagrams illustrating structure and development of gills of a Selachian, A. B, C, D, and a Telcostean, 
E,F, G, H. A, Horizontal section of wall of pharynx at early stage when endodermal gill-pouches, p, 
have not yet met ectoderm, ec, and splanchnocoele in lateral plate is still continuous, splc ; B, later 
stage with lateral plate interrupted (cp. Fig. 514) ; C, still later stage (cp. Fig. 515) ; D and E, diagram¬ 
matic transverse sections of gill-bars ; F, section along gill-lamella, l, to show disposition of secondary 
lamellae, s/ ; G, section across gill-lamella showing circulation in secondary lamella ; H, section of 
secondary lamella at right angles to surface, a. Embryonic arterial arch ; aef, anterior efferent vessel 
of arch ; af, afferent vessel of lamella ; al, anterior lamella ; c, coelom ; ct, cutis ; ect, ectoderm ; 
ef, efferent vessel ; en, endoderm ; gr, gill-ray ; Im, capillary network ; w, lamellar muscle ; pc, 
pilaster cells ; pef, posterior efferent vessel ; pi, posterior lamella ; prn, ptn, pre- and post-trematic 
nerves ; prnd, branchial muscle ; rk, gill-raker ; s, outer region of septum ; sk, skeletal arch ; smt, 
somatoblast ; spl, splanchnopleure. 

afferent to the efferent limb of the vascular loop. Joining the opposite 
walls and in the interstices of the network are peculiar pilaster cells first 
described by Bietrix (775). This histological structure and the pilaster 
cells occur not only in Pisces, but also in Cyclostomata, and even in 
Amphibia (Faussek, 781), and may be taken as evidence that the gills are 
homologous throughout the Craniata (p. 504). 

The lamellae are disposed in close-set rows on the anterior and pos¬ 
terior faces of a bar ; each row forms a hemibranch, while the front and 
back row on a bar together make up a holobranch. 
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333)- The gills of Cyclostomes are highly specialised structures, the 
branchial lamellae being enclosed in the adult in rounded sacs with 
narrow ducts leading into them from the alimentary canal, and out 
of them to the exterior ; hence the name Marsipobranchii often applied 
to this group, Fig. 513. Their external openings are in the form of 
small rounded pores. Similar pores have been found in some Ostraco- 
dermi (Anaspida). 

Taking the Myxinoidea first (J. Muller, 1841; Dean, 155, 779 ), 



Fig. 519. 

Diagram of the gills and their afferent blood system in A, BcUllostoma (Ilomea stouti) ; B, Parii- 
myxine ; and C, Myxine (after Dean). Ventral view, co, Common opening of six gill-sacs and 
oesophageal duct ; bs, gill-sac ; d, oesophageal duct ; h, heart ; o, external opening of gill-sac ; 
ph, pharynx ; t, outline of rasping * tongue ’ ; te, tube leading to exterior ; va, ventral aorta. (From 
Goodrich, Vert. Craniata, 1909.) 


we find from 6 to 14 pairs of gill-sacs in the genus Bdellostoma, and 6 
(sometimes 7) in Myxine. But while in the more primitive Bdello¬ 
stoma the external ducts open separately, in Myxine they combine 
to a single opening posteriorly. An interesting intermediate condition 
has been described by Dean in Paramyxine , where the pores are closely 
approximated. I he condition in Myxine is obviously secondary. 
Figs. 518-19. 

In addition to these gill-sacs there is in all Myxinoids a ‘ pharyngo- 
cutaneous duct ’ passing on the left side from the pharynx to the exterior 
behind the last sac ; its opening is adjacent or confluent with the last 
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left gill-pore, Figs. 519-20. It is conjectured that this gill-less duct has 

been derived from a visceral cleft. 
Breathing takes place by the expan¬ 
sion and contraction of the muscular 
walls of the sacs; water being drawn 
in through the median ‘ nostril ’, Fig. 
518, which leads into a hypophysial 
canal opening into the pharynx be¬ 
hind, and expelled to the exterior 
along the expiratory tubes. When 
the Myxinoid is feeding and its head 
is buried in its prey, water may still 
pass in and out by these tubes. 
It is no doubt to facilitate this 
respiration that the gill-sacs in Myxi- 
noids are situated very far back and 
the expiratory tubes lengthened so 
as to carry the external openings 
still farther from the head. This 
quite exceptional disposition of the 
gills is secondary. The visceral 
clefts develop in the usual position ; 
but, excepting for the first pair which 
remain stationary and later disap¬ 
pear, they shift backwards (together 
with the heart, etc.) at a later stage 
(Dean, 778). 

The Petromyzontia preserve 
the primitive separate external pores, 
but in the adult the sacs open inter¬ 
nally into a median branchial tube 
situated below the oesophagus. 
This branchial tube is blind behind 
and opens in front into the pharynx 
just behind the valve derived from 
the larval velum. In respiration 
water may enter the mouth ; but 
when this is not possible, owing to 
the oral sucker being fixed or closed, 
water is pumped in and out of the 
contractile sacs through the expiratory tubes. The Ammocoete larval 
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stage possesses gill-pouches which open in the usual manner by wide 
slits into the pharynx, and it is at metamorphosis that the blind 



respiratory tube becomes separated off below' from the oesophagus which 
extends forwards above, Figs. 521-3. 

I he gill-lamellae of Cyclostomes resemble those of Pisces in having 
transverse secondary vascular folds across them on both sides, and are 
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set in an almost complete ring inside the sacs of the adult, interrupted, 
however, dorsally and ventrally by a fold. In the Ammocoete they 
are normally disposed as hemibranchs, one on each side of each gill- 



pouch. The gill-bars, however, differ from those of Pisces: they project 
deeply into the cavity of the pharynx, and become differentiated into 
outer and inner regions ; the skeletal arch being in the outer region close 
to the skin, and the respiratory lamellae and blood-vessels being borne 
by the inner region, Figs. 522-3-4 (see p. 504). This exceptional and 
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characteristic relative position of arch and gill is preserved in the adult, 
where the arches combine in Petromyzontia to form a delicate ‘ branchial 
basket ’, and in Myxinoids remain as vestigial cartilages near the external 
gill-openings (separate in Bdellostoma , and combined to a complex car¬ 
tilage in Myxine), Fig. 520. 

In Pisces both the internal and external gill-openings are dorso- 



Fig. 523. 

section of the gill region of an Ammocoete larva, somewhat diagrammatic. (Partly 
aorta • w 00 a a f’ interior card ‘ nal vein ; a /. afferent artery ; bb, branchial basket ; da, dorsal 
line blood i lnus ; e f> efferent artery; g, gill-lamella ; go, gill-opemng ; In, lateral¬ 
ly ventral e ^ vecord > nt > notochord ; th, thyroid gland ; va, ventral aorta ; vn, vagus nerve ; 

s, ventral blood-sinus. (From Goodrich, Vert. Craniata, 1909.) 


ventrally elongated and narrow, the pouches being compressed. In 
S e 1 a c h i i a hemibranch of gill-lamellae occurs on the anterior and posterior 
side of each branchial arch except the last, which is gill-less, Figs. 513, 
53 2 - A posterior hemibranch is also present on the hyoid arch (and on 
the mandibular arch, see below, p. 519). Water is taken in at the mouth 
and expelled through, the slits ; but in bottom-living forms like the Raji- 
ormes, where the branchial slits are ventral, it may enter through the 
enlarged spiracle provided with a movable valve (p. 519). The gill-bar is 
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differentiated into an inner region containing the skeletal visceral arch, 
and a thin outer region containing the blood-vessels, etc., and bearing 
the gill-lamellae; this gill-septum being complete passes beyond the 
lamellae into the outer denticle-bearing skin surrounding the opening, 
and is supported by a single posterior row of cartilaginous gill-rays (p. 
398). In the young stages the external openings are elongated dorso- 
ventrally, but in the adult they often become relatively shortened. 



The more primitive forms, 
however, preserve wider 
openings over which the edge 
of the septum extends as a 
backwardly directed valvular 
flap particularly well-devel¬ 
oped in Chlamydoselachns , 
Fig. 27. 

The enlargement of this 
flap on the hyoid bar leads 
to the condition seen in 
Iiolocephali, where it forms 
a large operculum covering 
all the branchial slits. The 
gills of these specialised Elas- 
mobranchs are built on the 
Fig 524 same plan as those of Selachii 

Petromyzon, young ammococte larva ; slightly oblique (there are a posterior hyoidean 
horizontal section through pharynx and gill-slits, passing . .. , 

through openings on right and above them on left. act, hemibranch, holobrancllS On 

Arterial arch; bra, skeletal arch; c, coelornic canal; ect, , - . . . 

ectoderm ; end, endoderm ; ph, lumen of pharynx ; so, the hTSt three branchial bars, 
sense organ. . 

and an anterior hemi¬ 
branch on the fourth), but consequent on the development of the oper¬ 
culum the outer portions of the gill-septa are reduced. Cartilaginous 
gill-rays remain in the opercular flap, but are lost on the branchial bars, 
Figs. 428, 444. This operculum has, no doubt, been developed independ¬ 
ently of that characteristic of the Osteichthyes. The provisional embryonic 
and larval external gills of Elasmobranchs and other forms will be dealt 
with later (p. 501). 

All the Osteichthyes are primitively provided from the hyoid bar with 
a large opercular fold strengthened by opercular bones and covering all 
succeeding branchial slits, which open into a subopercular branchial 
chamber, water is taken in at the mouth, passed through the slits, and 
expelled from the chamber into which project the gill-lamellae, through 
an opening now bounded behind by the dermal pectoral girdle. Appro- 
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priate movements of the branchial bars and operculum, helped by breathing 
valves or folds developed in many of the higher Teleostomes on the inner 
margin of the upper and lower jaws, propel the respiratory current back¬ 
wards, Fig. 517 a. This current may be strong and used in locomotion. 



Fig. S2 S. 



I he septa on the branchial bars are reduced and never project beyond 
the lamellae, Fig. 525. Probably also on account of the great develop¬ 
ment of the operculum the hyoidean posterior hemibranch is retained 

on y in Ceratodus, ( hondrostei, and Lepidoslens. A mandibular pseudo- 
branch is usually present (p. 519). 

Among li\ ing Dipnoi the respiratory function of the gills seems to be 
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on the decline and is supplemented by that of the lung-sacs (so-called 
air bladder, p. 594), an adaptation to life in rivers apt to become dried 

U P ° r / ou ^ * n cert;a ^ n seasons of the year. Ceratodus retains the most 
primitive gills (four holobranchs on the first four branchial bars and a 
hyoidean pseudobranch), figs. 534, 535 ; in Lepidosiren the hyobranchial 
or first branchial slit is closed and there are only three holobranchs. 
Protopterus , in which the gills are much reduced, has none at all on the first 
and second branchial bars, a holobranch on the third and fourth, and 
on the fifth bar an anterior hemibranch which is possibly merely an 
extension of the one in front. The hyoidean hemibranch is here a 

true gill. No gill-rays are present, and the lamellae extend beyond 
the septum. 

In the Teleostomi the branchial bars become slender, and the slits 
between them narrow and much elongated ) the septum is progressively 
reduced, while the pointed lamellae project freely into the branchial 
chamber. Two rows of gill-rays occur on each arch, extending not into 
the septum but into the respiratory lamellae, Figs. 517, 525. Similar 
rays may occur in the pseudobranch (p. 520). 

Polypterus has no hyoidean hemibranch, and the fourth branchial 
arch has an anterior hemibranch only, there being no slit or skeletal arch 
behind it. 

The Chondrostei are provided with five branchial slits, four holobranchs, 
and a hyoidean hemibranch. Five slits and four holobranchs on the 
branchial bars are found in Amioidei, Lepidosteoidei, and Teleostei (with 
few exceptions in specialised forms). Lepidosteus alone among Holostei 
preserves the hyoidean hemibranch (see below, p. 517). 

The primitive Tetrapoda no doubt inherited true gills from their fish¬ 
like ancestors, which gills served for respiration at all events in the 
aquatic larval stage during the transition to terrestrial life. It is probable 
that they also inherited an operculum, though no trace of opercular 
bones has yet been found in any fossil or living Tetrapod. Traces of four 
branchial arches have been described in the young of several Stego- 
cephalia. That they were similar to the gill-bearing arches of fish, and 
were even retained as such in some of the adult Branchiosauridae, is 
evidenced by the disposition of the fossilised gill-rakers (Credner, 484 ; 
Fritsch, 23 ; Bulman and Whittard, 465a). Among modern Tetrapeds 
internal gills occur only in the tadpole larvae of Anura in the form of two 
rows of branching filaments on the bars separating four open gill-slits. Fig. 

541; hyoidean membranous opercular folds cover over the gill region and 
even the developing pectoral limbs. Paired branchial openings are formed 
in Aglossa, but in most other Anura where the two chambers communicate 
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below only one opening remains on the left side until the fore-limbs 
emerge. In the young of other modern Amphibia there are no internal 
gills and no opercular folds of any size, and the extensive operculum of 
Anura is probably to a great extent a new formation. 

The four branchial slits pierced in Anura and Apoda are closed in the 
adult where respiration is pulmonary and cutaneous (p. 547) 5 ^ ut among 
the Urodela which are readapted to an aquatic adult life some of them 
may remain open (third in il Ienopoma and Ainphnuna ; second and third 
in Proteidae ; first, second, and third in Sirenidae). 

The Amniota have lost all trace of gills as respiratory organs, and the 
slits themselves open for but a short time in Reptiles and Birds, and not 



Fig. 526. 

Larva of Gymnarchus niloticus ; tenth clay (from Kerr, Embryology, 1919). 


at all in most Mammals. The embryonic vestigial slits may be marked 
externally by grooves, lodged in a deep lateral depression called the 
cervical sinus, which later is overgrown and closed by the hyoid arch and 
a fold from above and behind. 

External Gills.—In addition to the true or internal gills there may be 
developed provisional superficial gills. These external gills are of two 
kinds, which may be distinguished as true external gills and external 
gill-filaments, Figs. 146, 515-16, 526. The latter occur in the early 
stages of all Elasmobranchs, and are long filamentous prolongations of 
the outer tips of the young internal gill-lamellae of all the posterior 
hemibranchs. Each filament is supplied with a vascular loop passing 
from the afferent to the efferent branchial vessel, and floats in the albu¬ 
minous fluid within the egg-case. These filaments probably serve not 
only for respiration, but also for the absorption of food-material. They 
disappear when the fish hatches. Similar external gill-filaments have 
been found in certain larval Teleostomes (Chondrostei, some Teleostei, 
and especially Mormyridae: Budgett, 776 ; Assheton, 774). 
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True external gills occur in the embryonic or free larval stages of 
Dipnoi (except Ceratodus), of Polypterini, and of Amphibia, Figs. 527-8, 
54 1 2. The> usually develop early, even before the slits are pierced and 
before the opercular fold is formed, as outgrowths from the dorsal outer 
surface of one or more of the gill-bars. They contain vascular loops 
derived from the aortic arches, and are covered by ectodermal epithelium 
sometimes ciliated. Lsually they are provided with muscles, are movable 
and retractile. Four pairs of pinnate external gills are developed on the 
four branchial bars of Protopterus and Lepidosiren (Budgett, 776; Kerr, 
79 °)- W hen the operculum develops they become crowded together above 




Fig. 527. 

Stages in the development of Lepidosiren paradoxa. A, Staee \\ • B ^ m r 

1 A/ ’ PCCt ° ral fl " ; N/, p.-'h'.c hn ; spiral 'vlfce of (KSLj 


its posterior border. Protopterus is remarkable in that it usually retains 
the three posterior external gills in a reduced condition even in the adult, 
Fig- 535 - The larva of Polypterus has only one pair of external gills 

* ® ^ ^ 79 i). They are large 

pinnate, with a strong axis supported by a short cartilaginous ray’ 

and are developed from the hyoid bar (Kerr). The external gills of 

Amphibia are usually purely larval organs (Anura and Apoda) but the 

Lrodela being more or less readapted to an aquatic life tend to retain 

them in the adult as important organs of respiration. In the Perenni- 

branchiata, then, they develop into permanent large arborescent rills on 

the first three branchial bars (Clemens, 777 ; Boas, 813 ; Maurer, 8 49 ).i 

A pair of slender processes, known as ‘balancers' occur nn , 

o f the larva of many Urodela (Amblystomidae, Salamandridae and Hvno 

budae). and were first described by Rusconi. x8 2I . They have been though 
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The origin and morphological significance of the true external gills 
are still somewhat obscure. For Kerr’s suggestion that they are ancient 
organs which preceded and perhaps even gave rise to the internal gills 



Fic. 528. 

A-D, Hypogeophis embryos showing development of the external gills. (After Brauer, 1899.) 
e.g, External gill ; //, hyoid arch ; olf, olfactory organ. The rounded knobs seen projecting in B from 
the hyoid arch, and also from the mandibular arch in front of it, are possibly external gill rudiments 
which do not go on with their development. E-G, Three stages in larval development of a newt 
{Triton taenialus) as seen from above. (After Egert, 1913.) b, Balancer; e.g, external gill of first 
branchial arch. In Fig. A what looks like a posterior external gill is the pectoral limb. In F'igs. 
B and C the external gills have been cut away leaving only their basal stumps. (From Kerr, Embryo- 
logy, 1919.) 


there seems to be little evidence, since they are found neither in Cyclo- 
stomes nor in Elasmobranchs. Nevertheless, they possibly were present 
as larval organs in the common ancestor of the Osteichthyes and 

by some to represent hyoidean external gills, but for this view there is no 
good evidence. The balancers have recently been studied in detail by 
Harrison (785). They are supporting and adhesive processes, are covered at 
their tips by glandular epithelium and strengthened by a thick basement 
membrane ; a nerve runs up them and they contain no muscles. The blood- 
supply is derived from a branch of the hyoidean artery, but is returned not 
to the aorta but to the jugular vein (Maurer, 849). The balancers are prob¬ 
ably homologous with the adhesive organs of larval Anura. They develop 
early on the mandibular arch, are indeed borne on a knob of the palatoquad- 
rate cartilage, and drop off when the pectoral limbs are sufficiently developed 
to support the head. Fig. 528. 
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Tetrapoda, and Bulman and Whittard have recently described three pairs 
of external gills in Branchiosaurus from the Permian (465a), a Stego- 
cephalian apparently readapted to an aquatic life like the modern Urodele. 



Following Boas (812-13) and Gegenbaur 
(170) we may consider the external gills 
as specialised dorsal gill-lamellae, belonging 
originally to the so-called internal gills, 
which have grown outwards together prob¬ 
ably with a portion of the gill-septum 
forming the axis. These external gills 
w’ould, then, be specialised regions of the 
gills enlarged and precociously developed 
for larval respiration. 

Two further questions remain to be 
discussed concerning the gill - lamellae. 
Are they products of the ectoderm or 
of the endoderm, and are they homolo¬ 
gous throughout the Craniata ? 

Goette (782, 783), having studied their 
development in various groups, concluded 
that they are of endodermal origin in 
Cyclostomes, but that they are of ecto¬ 
dermal origin in all other Pisces and in 
Amphibia, with the exception of the 
spiracular gill, which he believed to be 
endodermal. These conclusions have not 


Fic. 529. 

A, B, Horizontal sections through 
salmon embryos explaining position of 
pseudobranch on inner surface of oper¬ 
culum. (AfterGoette, 1901.) A.r, aortic 


been generally accepted and have given 
rise to much controversy. That Goette was 
mistaken in attributing a different origin to 


root; aa, aortic arch; an, anastomotic 
vessel connecting aortic arches I and 11 ; 
//y, hyoid arch ; op, operculum ; Ph, 
cavity of pharynx ; ps, pseudobranch ; 
vc, visceral cleft. C, Horizontal section 
through branchial region of young Aci- 
pcnser showing the ectodermal origin of 
the gill-lamellae. (After Goette, 1901.) 
aa, Aortic arch; g.l, rudiment of gill- 
lamella ; Hy, hyoid arch ; op, operculum ; 
Ph, cavity of pharynx (From Kerr, 
Embryology, 1919.) 


branchial and spiracular lamellae there can 
be little doubt ; but whether in the Elas- 
mobranchii they are covered by ectoderm 
or endoderm it is difficult to determine, 
since before they appear the slits have 
been pierced and the limit between the 


two germ-layers has already vanished. 


Dohrn, while maintaining that the most important constituent of the gill 
is the blood-vessel, held that the lamellae are chiefly covered with ecto¬ 


derm. Certainly in Teleostomes, where the lamellae sprout outwards 
before the membranes closing the slits have been broken through, as 
Goette showed in Acipenser, there can be no doubt that they are covered 
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by ectoderm, Figs. 528-9. Kellicott (789) describes the ectoderm as 
growing inwards and covering the lamellae in Ceratodus. Even more 
obviously does ectoderm cover the external gills of Pisces and Amphibia. 
Greil, however, attempted to prove that both layers covered the gill- 
lamellae of Dipnoi and Amphibia, endodermal cells extending outwards 
beneath the ectodermal. This view has not been supported by later 
observers (Kerr, 840 ; Jacobshagen, 786). 

But, while it may be considered as established that the gill-lamellae 
of all Gnathostomes are generally and probably always covered by ecto¬ 
derm, and are homologous organs, there remains considerable doubt with 
regard to those of the Cyclostomes. In this group, as already explained, 
they are situated more deeply on the inner region of the gill-bars and 
would appear to develop within the endodermal area. 1 

On this account a sharp distinction is sometimes drawn between the 
‘ endobranchiate ’ Cyclostomata and the ‘ ectobranchiate ’ Gnathostomata 
(Goette, 783; Sewertzoff, 701). 

1 Nevertheless, the evidence on this point is still uncertain ; further investi¬ 
gation may well show that even here there is an early ingrowth of ectoderm, 
and that the gill-lamellae of Cyclostomata are wholly homologous with those 
of Pisces (see p. 496). 


CHAPTER X 


VASCULAR SYSTEM AND HEART 

The Vascular System of the Head and Branchial Arches. —General 
plan of vascular system, p. 506—Aortic arches of Cyclostomata and 
Pisces, p. 510—Branchial vessels of Pisces, p. 510—Development in 
Selachii and Teleostomi, p. 511—Dipnoi, p. 512—Secondary shifting of 
efferent epibranchial vessels in Selachii, p. 514. 

The Arterial Supply of the First Two Visceral Arches and Head in 
Pisces.— Aortic arches, p. 514 — Internal carotid arteries in Craniata, 
P- 5 * 4 —Selachii, p. 516—Embryonic sinus cephalicus, p. 517—Teleo¬ 
stomi, p. 517—Circulus cephalicus, p. 518. 

The Pseudobranch and its Vascular Supply. —Spiracle and spiracular 
gill in Pisces, p. 519—Structure, development, and homology of pseudo- 
branch, p. 520. 

The Aortic Arches in Tetrapoda. —Fate of embryonic aortic arches, p. 521 
—Development, p. 523—Specialisation of arches and ventral aorta, p. 524 
—Amphibia and Amniota, p. 524—Carotids, p. 526. 

Branches of the Internal Carotids : Ophthalmic and Stapedial 
Arteries. —Relations of main arteries to skeleton, p. 528 —First arch 
and trabecula in Elasmobranchii and other Gnathostomata, p. 529— 
Orbital or stapedial artery, p. 529. 

The Chief Veins of the Head. —Return of venous blood to heart, p. 532 
—Development and relations of jugular vein in various groups, p. 532. 

The Heart.— Origin of heart from ventral vessel, p. 536 — Amphioxus, 
p. 536—Relation to pericardial coelom, p. 536—Differentiation of heart 

in Craniata, p. 538—Pisces, p. 540—Specialisation in Teleostei, p. 541 

Cyclostomata, p. 543—Amphibia, p. 545—Anura, p. 545—Urodela, 
p. 547—Structure and development of heart in Dipnoi, p. 549—Amniota! 

P- 553 —Reptilia, p. 556—Subdivision of bulbus cordis in Reptiles and 
Birds, p. 558—Aves, p. 562—Comparison of avian and crocodilian hearts, 
P- 563—History of atrio-ventricular valves in Tetrapoda, p. 565—Mam¬ 
malia, p. 565—Phylogenetic significance of Sauropsidan and Theropsidan 
specialisations, p. 572—Summary, p. 575. 


THE VASCULAR SYSTEM OF THE HEAD AND BRANCHIAL REGION 

General Plan of the Vascular System.— No description of the gills 
and gill-bars would be complete without an account of their blood- 
vascular supply. The general plan of the vascular system of a 
primitive Craniate is as follows. The venous blood of the alimentary 
canal (stomach and intestine) is collected into a median longitudinal 

506 
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subintestinal vein passing forwards to the liver where it breaks up 



- CJ 

G 


>■> . 

C ^ 

“ ts •- S ^ 


I 

o 


—. — 
— P .5 

.2 u .. .v 

fSc'ia 
y ^.3 p w 

g rt £ r-_* 

£ 3 o*.* 

l’| tag 

*» 

< 


o 


G 


_.G 

<3 - a 
T 3 *• « 

* '■— rv f) 

^Scla 

« E 

♦ > > o 

* . _ ^ a - 
£ * g C* 

-s •§ t: «s « 

^ o *- 


G 

G 

CJ 


S’?; 


3 •« rt ij .S H 

■g'&gsi 36 

S^S-gf 

G *-» ^ ^ C. 

b ^ 5 

§" .sSl 

C >V C 

G f* 

0 u. O) 


tc 


1/1 , 
c/l 

sTu 

.5 w c3*Ts£ 

I a --- 

S-^J ti a "O. 
8 ^ 


C 

•a 


Cv *». 

&-S I 

-a - P 

t/5 •— 


c 

m 

O 

•-« 

u« 


o 

2 ^ 


r’S g X 


fc 


T 3 

*-* 

G 


c; 

03 


3 • - 2 ’> ** 

uT) O r 3 u 

" 252 S 

</> o — 
c“ a >2 

8 I 3 ~ : S 

^ ••* to ^ 


^ u. 


^ O 

U) . _ ~H ‘o ** 

•S >,£-* > ” 

C U __ • O 

« - .2^ 2 .a 
“ g-g --Sis 


G 

St: g 

■gi* 


c 

r • o> 

> 

K 


O 

> 


-T. 

^ 0/ ^ r " 


3 G 


tr 


-c 

t/> 

<G 


- £ ^’3 3 
*.fc=-2*> <g 

* « ^73 c 

..r ^ 2 ^ 

</> w ^ o 

- 8.3 

T- CJ ^ o 
grt22« 


Sc.- 

G — * 


co 


w G 

a 


(/> -G 

^ a 

^ C *• ^ 

U S " r • ■~ 

J2xj j«‘" 

l^abl 

^ « —r, <v ^ 

gTS 

-G vj TJ o 

w w .273 - 
b: • *':G c c 

2 —s s*§-g 

§!>!»« 

%'C 73 

•2 ^ a 

w p 5 c , 
cbr•« a 




ca 


53 ^ 


O 


CJ 

G 


T 3 

G. 

a 

-»-> 

a 


o 

•A 

u 

G 

O 

o 


_r o 

T 3 Z 3 
a -G 
- -G 


T 3 -c 

a g 

X C/2 

G G 


t/> 




5°8 


VASCULAR SYSTEM 


CHAP. 


into a network of small vessels. These join again to form the hepatic 
veins carrying the blood to the posterior chamber of the heart or sinus 
venosus. The venous blood from in front of the heart is collected by 
cerebral and segmental veins from the head and body-wall into paired 
longitudinal anterior cardinal veins, and that from behind the heart by 
segmental veins into paired longitudinal posterior cardinal veins. The 
latter receive venous blood from the tail, body-wall, kidneys, limbs, etc. 
On either side the anterior and posterior cardinals, running dorsally to 




Fig. 531 A, B. 

. ^ Di ^ grams muStr , a ! i ", g development and fate of primitive embryonic arterial arches in a Selachian • 
J' l ^ 1 , de view completed. Afferent branchial vessels black, efferent vessels and other arteries white 
(Partly from works of Dohm, Allis, de Beer, and Sewertzoff.) A, Earliest stage- C latest statre 
1-6, Primitive arches; I-V branchial gill-slits; 5 , spiracular slit Jf ! aS£« effSfnt ; Zh 
*2 “®“** l* hyoid bar; amd and mda afferent of mandibular bar; aps, afferent pseudobranchiai 
cross anastomosis ; bra, afferent branchial vessel; bre, epibranchial artery; ce, cerebral ; co, cross 


the coelom below the notochord, meet to form a ductus Cuvieri which 
passes across by the septum transversum to the sinus venosus. Moreover, 
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in the Dipnoi and Tetrapoda, the venous blood from the posterior region 
of the body-wall and from the kidneys is diverted into a new vein, the 
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l ie. 531 c, n. 

1 1 V ^ a \ r ne< ^ ia , n dorsal aorta ; eps, efferent pseudobranchial (dorsal part of 1) ; 

Ida left -V’ hy ,° ,d bar; ha \ afIerent . and he, efferent vessel of hvoid bar; ic, internal carotid; 

ophthalmic ^ , md ' raandibular its vascular arch; op, optic; oph, 

cerebral • rlda r i htW* ’ 1 ' P oster,or efferent; />s, mandibular pseudobranch; rb, posterior 

cerebral , rlda, right lateral aorta ; sc, sinus cephalicus ; va, ventral aofta. 

vena cava inferior, passing downwards and forwards through the liver 
0 ^ 01n hepatic veins and open into the sinus venosus. Thus in all 
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Craniata the venous blood from both the splanchnic and somatic systems 
reaches the heart and is pumped forward along a median longitudinal 
ventral aorta which bifurcates behind the thyroid gland. The ventral 
aorta gives off at intervals paired aortic arches which run up the visceral 
arches to join the longitudinal dorsal aorta, Fig. 530. 

The aorta develops from paired rudiments which fuse below the noto¬ 
chord to a median dorsal aorta behind, but remain to a varying extent 
separate in the branchial region and head. The aorta distributes oxy¬ 
genated ‘ arterial ’ blood to the body generally, including the head 
region, limbs, alimentary canal, kidneys and gonads, and gives off paired 
segmental arteries to the body-wall all along its course. All the vessels 
carrying blood to the heart are called veins, and all the vessels carrying 
blood away from the heart to all parts of the body are called arteries. 
The blood passes from the arterial system to the venous by minute 
capillary vessels. 

The Aortic Arches in Cyclostomes and Fishes. —There are developed 
six pairs of primary aortic arches, one in front of each visceral cleft, in the 
embryo of all Craniata (with the exception of the Cyclostomes and 
Selachians with a larger number of visceral clefts, in which an additional 
arch occurs for each slit). But of these six, the second in the hyoid 
bar, and especially the first in the mandibular bar, become greatly 
modified, as will be explained later (p. 514). 

It is important to notice that in Dipnoi, Polypterus> and Amia the 
so-called air-bladder is supplied by a ‘ pulmonary artery ’ from the last 
epibranchial artery (sixth aortic arch) as in all Tetrapods (see p. 583). 

In all the gill-bearing visceral arches of Pisces the primary aortic 
arch becomes interrupted in such a way that the blood has to filter 
through the gill-lamellae where it is oxygenated, Fig. 533. Afferent and 
efferent branchial vessels are thus formed, the former bringing venous 
blood from the ventral aorta, the latter taking arterial blood to the dorsal 
aorta, and the two communicate only by a system of delicate loops in 
the lamellae of the gills. Goette (782-3) showed that the development 
of the afferent and efferent vessels takes place differently in Elasmobranchs 
and in Teleostei ; the greater part of the original arch forming the 
afferent vessel in the first group and the efferent vessel in the second. 

In all Pisces the afferent vessel passes up the bar outside the efferent 
vessel, and the skeletal arch lies inside all these vessels. In each bar the 
afferent vessel is always single in Teleostei ; but in Elasmobranchs and 
Dipnoi there are two efferent vessels, one to each row of lamellae, Fig. 
525. Moreover, the dorsal efferent arteries (epibranchial arteries) of 
adult Selachii owing to secondary shifting correspond no longer to their 
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gill-bars but to the gill-slits (p. 514), whereas in other fishes they retain 
their original position. 

In the embryonic branchial bar of a Selachian (Goette, 783 ; Dohm, 
333; Sewertzoff, 869) the anterior and posterior efferent branchial 
vessels develop separately parallel to the primary continuous aortic 
arch with which they become connected by capillary loops ; the primary 
arch then becomes interrupted dorsally and its longer ventral portion is 
converted into the afferent vessel. The newly formed efferent vessels 
having joined the shorter dorsal portion, this now functions as the epi- 
branchial artery carrying oxygenated blood to the dorsal aorta (about 



Fig. 532. 

Diagram of branchial circulation of Selachian, left-side view completed. at. Atrium ; ba, basal 
artery ; c, conus ; ca, cardiac ; cae, coeliac ; dc, ductus Cuvieri ; hbr, hypobranchial ; he, posterior 
efferent of hyoid bar; hv, hepatic veins ; scl, subclavian ; v, ventricle. Other letters as in Fig. 531. 

the middle of the bar transverse connexions early arise between the two 
efferent vessels). A transverse section of the branchial bar of an Elasmo- 
branch, then, shows two inner efferent vessels, each joined to the single 
outer afferent vessel by a series of loops passing into the lamellae, Figs. 
5 J 7 j 533. The transverse section of a Teleostean gill-bar, however, 
shows only two branchial vessels, an outer afferent and an inner efferent, 
connected by a double series of loops passing into the anterior and posterior 
gill-lamellae. In development it is found theirh'ere the primitive aortic 
arch is interrupted near its ventral base, anc^hat while the greater part 
of the arch is converted into the efferent branMiial vessel-, the afferent 
vessel is a new formation joined to the base of the aortic arch. There is 
thus an important difference between the gill-vessels of these two groups 
of fishes ; but intermediate conditions occur in the lower Teleostomes. 
In Acipenser the upper region of the gill-bar conforms to the Teleostean 
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and the lower to the Elasmobranch type. The aortic arch is here inter¬ 
rupted about half-way ; its dorsal portion is continued ventrally into 



Fig. 533. 

Diagrams illustrating development of adult branchial vessels in various fishes. A, Original 
continuous embryonic arch cross-lined ; 13 , Selachian ; C, intermediate form such as Actpcnser ; D, 
Telcost. Newly developed vessels, white. In B, C, D original arch interrupted, aa, Bmbryonic 
vascular arch • af, afferent ; afv, newly formed afferent ; dao, dorsal aorta ; ef, efferent epibranchial ; 
J/a, anterior efferent ; cfp, posterior efferent ; rao, ventral aorta; small loops pass in branchial 

lamellae from afferent to efferent vessels. 


two newly formed efferent vessels, and its ventral portion is prolonged 
upwards to complete the afferent vessel, Fig. 533 (SewertzofT, 869). A 



Fig. 534. 

Diagram of branchial circulation of Ccratodus forsteri (chiefly from W. B. Spencer, 1892). I-V, 
Five branchial slits with gill-lamellae, abr, Anterior efferent vessel of first branchial bar ; ac, efferent 
‘ pseudobranchial portion of mandibular ; af 3 -*, afferent vessels of four branchial bars, correspond¬ 
ing to original aortic arches 4-6; c, conus; cer , cerebral artery; cl, coeliac artery; d, left ductus 
Cuvieri ; eb 2 and eb 4 , second and fourth epibranchial arteries ; ha, hyoid artery, derived from second 
aortic arch ; L, lung (air-bladder) ; la, lingual artery ; mcs, mesenteric artery ; pa, left pulmonary 
artery ; pbr, posterior efferent artery of fourth branchial bar ; pc, orbital artery ; pi, palatine artery ; 
pv, pulmonary vein ; s, position of closed spiracle ; scl, subclavian artery ; va, hypobranchial artery. 


similar disposition is found in Lepidosteus and in Amia, where a second 
(posterior) efferent artery also occurs dorsally (Allis, 806). 

Since the gill-bearing bars of Dipnoi are also provided with an outer 
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afferent and two inner efferent vessels (Spencer, 872 ; Kellicott, 789 ; 
Parker, 854), this would appear to be an ancient disposition preserved 
in both the Chondrichthyes and the primitive Osteichthyes, from which 
the Teleostomes have diverged owing to a progressive tendency for the 
aortic arch to become converted into the efferent vessel, Fig. 534. 

It may here be mentioned that in Protopterus the three pairs of 
external gills are supplied from the vessels of the last three pairs of gill- 
bars (fourth, fifth, and sixth aortic arches). The third and fourth aortic 



Fig. 535. 

_ (a Branchial1 emulation of Protopterus (from Parker’s figures). af'-\ Afferent branchial arteries* 
» ent ves f. el to . external gill ; ca, carotid ; cl, cocliac artery ; ct, left branch of dorsal aorta 
tormed by junction of branchial efferent vessels ; d, ductus Cuvieri ; e/g, efferent vessel of external 
tiff* ffr external gill; ep, epibranchial region of arterial arch of first gill-less branchial arch ■ 
£^i aI VeSSd ° f h y °W arch ; */, heart; L, lung; ««, lingual artery ; pa, pulmonary’ 
Se IhaHi? vc \ n : va Pt r entr L al aorta • vc ’ vena cava posterior. The five branchial slits 
the obliterated^le W ° branchial arches are without 6 ills - A dotted line indicates the position of 


arches of Protopterus remain as continuous vessels running from the ventral 

to the dorsal aorta in the first and second branchial bars which have lost 

their gills, Fig. 535. This resemblance to the Amphibian structure is 

probably due to convergence, since it is not shown by Ceratodus. Other 

resemblances to the Amphibia in the arterial system of the Dipnoi, such 

as the gathering of the epibranchial arteries on each side before they 

unite to form the aorta and the shortening of the ventral aorta to 

orm a truncus with subdivided lumen, seem to indicate true affinity 
with the lower Tetrapods (see also p. 552). 

In all fishes the efferent branchial vessels tend to anastomose ventrally, 
tow the gill-slits, giving rise to more or less continuous vessels from 
w ich arise hypobranchial arteries supplying the ventral branchial region \ 
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and the heart. Similar dorsal anastomoses occur above the gill-slits 
from posterior to anterior efferent vessels in Ceratodus and Selachii 
(Parker, 853 ; Spencer, 872). 

The secondary shifting in Selachians of the epibranchial artery, 
mentioned above, takes place owing to its thus acquiring a connexion 
with the posterior efferent vessel of the bar in front and then losing the 
earlier connexion with the anterior efferent of its own bar ; the epi¬ 
branchial artery now receives blood from the anterior and posterior 
hemibranchs of one slit (Dohrn, 333 ; Sewertzoff, 869). It is interesting 
to note that in Chlamydoselachus the original connexions are retained 
in the adult (Allis, 804), Figs. 531-2, 536. 

THE ARTERIAL SUPPLY OF THE FIRST TWO VISCERAL 

ARCHES AND HEAD IN PISCES 

As was mentioned above, the originally continuous aortic arches of 
the embryonic mandibular and hyoid bars become greatly modified in 
the course of development. The divergence in fate of these and the 
more posterior aortic arches is partly due to the fact that the stream of 
arterial blood tends to become subdivided into two : the bulk of oxy¬ 
genated blood needed to supply the trunk, limbs, and tail flows backwards 
in the median dorsal aorta ; but there is also a no less important stream 
flowing forward to supply the head, and this in fishes is derived to a 
considerable extent from the first two aortic arches. 

The fundamental relations of the internal carotids in Craniates are 
as follows : the lateral dorsal aortae run forwards below the basis cranii to 
enter the cranial cavity on either side of the pituitary body through the 
median foramen hypophyseos between the posterior ends of the tra¬ 
beculae cranii, Figs. 247, 271. 1 In fishes the name ‘ internal carotid ’ is 
generally applied to that region of the vessel beyond the origin of the 
orbital artery (external carotid of some authors). The ‘ internal carotid ’ 
of Tetrapods reaches down to its origin with the true external carotid from 
the ventral ‘common carotid ’ (ventral aorta). 

Whether the true forward continuations of the lateral dorsal aortae 
are represented by the internal carotids, or, as suggested by Allis, by 
orbito-nasal arteries running forwards through the orbits in some Teleo- 
stomes, is doubtful. The true external carotids are considered in Tetrapods 

1 A few exceptions occur among fishes (Polypterus, Amiurus, Allis, 
410, 803) and Amphibia (Anura), in which the internal carotid appears to 
enter the side wall of the brain-case farther forwards ; but they are probably 
always due to secondary modifications—the establishment of a lateral vessel 
and obliteration of a portion of the original internal carotid, as Gaupp showed 
in R'ina (504). See also Mammalia, p. 263. 
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to be the forward continuations of the ventral aorta, 1 and are represented 
in fishes by small branches of the hypobranchial arteries and vestigial 


lc 



Fig. 536. 

saHSiS* - f b =i s- x-ss 


ventral part of the mandibular arch to the thyroid gland and region of 
the lower jaw. 

In Pisces the internal carotid gives off intracranially ophthalmic optic 
and cerebral arteries, the two former passing out of the cranial cavity 

fishes Th Fnr‘tn COnSiderable confusion ln the nomenclature of the arteries of 

spiracularis and part of afferent spiracuUr (Dohrn^Effirent^^ Th 

of the later J dorial a^a bltweenTlifurc^ 1 " ° f l J ^ that P art 

carotids and its JU ncffon with the efferent hyoidL^^esseT' 6 ' 1 " ^ 
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dorsally to the trabecula. The important orbital artery comes off the 
lateral dorsal aorta close to the second aortic arch (or from this arch) 
ventrally to the basis cranii, Figs. 532, 537-8. It does not enter the 
cranial cavity, but may pierce the subocular shelf or pass through the 
jugular canal (p. 276). 

Selachii. —Of the many works on the arterial system of the Selachii 
one may mention those of Hyrtl (1858 and 1871), T. J. Parker (853), Ayers 
(807), Allis (804), Carazzi (818), on its anatomy ; and of Dohrn (333), 



Fig. 537. 

Amia : branchial circulation, left-side view completed (modified from Allis, 1912). ace, Anterior 
cerebral ; pee, posterior cerebral; pa, pulmonary artery. Other letters as in Figs. 531 and 532. 


Ruckert (863), Platt (855), Raffaele (856), Scammon (380), de Beer (421), 
on its development. 

The second or hyoidean aortic arch is soon interrupted, giving rise, 
as in the branchial bar, to an afferent vessel from the ventral aorta and 
a dorsal epibranchial vessel. Since only a posterior hemibranch is present 
only one corresponding efferent branchial vessel is developed in the hyoid 
bar. Very early the first or mandibular aortic arch becomes connected 
with the hyoidean efferent vessel by a commissural vessel below the 
spiracular slit. The mandibular aortic arch then becomes interrupted 
ventrally to this connexion, and its ventral portion secondarily united 
to the lower end of the efferent hyoidean vessel or anterior end of the 
hypobranchial artery ; it supplies in the adult the thyroid gland and 
lower jaws. As soon as the mandibular pseudobranch develops, the 
mandibular aortic arch divides into capillaries to supply its lamellae 
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above the point where it receives the commissural vessel. The latter 
now functions as the afferent pseudobranchial vessel receiving arterial 
blood from the hyoidean efferent vessel. The more dorsal remainder 
of the mandibular aortic arch becomes the efferent pseudobranchial 
vessel which joins the lateral dorsal aorta (internal carotid), Figs. 531-2, 
536. It is a remarkable fact, discussed elsewhere, that in Selachians 
alone this efferent vessel passes in to join the internal carotids dorsally 
instead of ventrally to the trabecula cranii (p. 529). 

The lateral dorsal aortae unite in a median sinus cephalicus ventral 

to the tip of the notochord in the very early embryo, Fig. 234, and this union 

persists in the adult forming the anterior limit of a circulus cephalicus 
passing behind the pituitary body.* From the sinus spring the internal 
carotids, which receive the efferent pseudobranchials and give off optic 
and cerebral arteries. Intracranial branches of the latter meet below 
the brain to form the median basilar artery. The orbital artery, supplying 
the orbit, side of the head, and jaws, arises from the lateral dorsal aorta 
close to its junction with the efferent hyoidean vessel. The anatomical 
relations of the chief arteries are explained elsewhere (p. 528). 

Teleostomi.—Where the hyoidean hemibranch persists, as in Lebi- 
dosteus , an afferent vessel supplies it from the ventral aorta; but this 
vessel disappears in Acipenser where the hemibranch is a ‘ pseudobranch ’ 

™ ng T ly anerial bl °° d ’ and also in other f °rms without a hyoidean 
h m brand, except Anna (Allis). As in Selachians the afferent mandibular 

system 7“ Se ?° ndarily ejected to the hypobranchial arterial 
S m ’ “ 1S retained ln Chondrostei, Lepidosteus, and some Teleosts 

’ , S39 ’ bUt ' S USUaHy ' nte rrupted before reaching it. The cross 

missural vessel from the hyoidean to the mandibular arch seems to be 

and a most e T e de P o e s d ts) ln The^ h° later 

Ubt 1 ueosts;. I he pseudobranch then receives its 'irfprisl Ki. \ 

S“ kr ar f (,f COmplete) and a branch 0f the orbitaI ar tery 
ar lT T° SeS T U (Allis >‘ The Cerent hyoidean and orbital 

ophthalmic^ h*™?- deveIoped to su PP ] y the opercular region. Optic 
when the choL Vl " “T T*™* ° CCUr ; bUt the °P hthalmic disappears 

In connexio^wUIr this P *b**™> ^nZus). 
on the eye b aT 3hol° r ;° ^ given t0 a "lirabiie 

that it represents thelit ™ nt '° ned ^ Dohrn and Allis consider 
pseudobranch of the m * !ri °i & premandlbular g'H comparable to the 
premandTbu ar g ll sH t r n e ^ 11,6 existence > however, of a 

, ar gllbsht hES not yet b ^n proved in any Craniate (p. 44 8). 

and persists in the 1 adidt"(Spencer^°872)' Cted behlnd the h yp°physis in Dipnoi. 




VASCULAR SYSTEM 


CHAP. 


518 

A characteristic feature of the Teleostei is the formation of a circulus 
cephahcus due to the reunion inside the skull of the divergent lateral 
dorsal aortae, Figs. 288-9, 538 . Already in Amia the efferent pseudo- 
branchial tends to separate from the internal carotid and pass directly 
into the ophthalmic artery. The dorsal connexion with the carotid is 
obliterated, at all events in some individuals (de Beer, 421). In Teleosts 
this is the usual definitive condition ; the two internal carotids come close 
together and fuse to complete the circulus cephalicus, while the separated 



Fic. 538. 

A, Gadus : branchial circulation, loft-side view completed (modified from Allis 1012) B 
Branchial circulation of Lcpidostcus. ab t Branch to air-bladder ; ms, mesenterial : s, position of 
closed spiracle ; sha , secondary afferent hyoidean ; s/>s, secondary afferent pseudobranchial arterv * 
tr, bulbus. Other letters as in rigs. 531-2. 

efferent pseudobranchial arteries continue forwards as the ophthalmics. 
A slender cross vessel also unites them in front of the circulus. Both these 
unions across the middle line are secondary and anterior to the pituitary 
body, and are therefore not homologous with the sinus and circulus of the 
Selachian (Allis, 807). 

The extent of the circulus cephalicus varies greatly in Teleosts, owing 
to the lateral dorsal aortae being more or less completely fused : in 
Gadus it is extensive and receives all four pairs of epibranchial arteries ; 
in Clupea it is much reduced and receives only the first pair (Ridewood, 
680). 
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THE PSEUDOBRANCH AND ITS VASCULAR SUPPLY 

The Spiracle and Pseudobranch.— We may now return to the considera¬ 
tion of the first gill-slit in the Gnathostomata. Even when it is widely 
open in the embryo, as in Elasmobranchs, this spiracular slit is always 
more or less completely closed in the adult. The closure takes place from 
its ventral end, and its dorsal region only may remain open. It occurs 
in Selachn as a small dorsal pouch passing outwards from the pharynx 
between the mandibular and hyoid arches, and usually opening behind 
the eye by a small pore or spiracle. While it is minute or even closed in 



Centro-lateral view of head of Salmo salar 
arch, ibr , and pseudobranch, po. 


Fig. 539. 
with right 


operculum, 


op, raised to show first branchial 


" Lammdae and Carcharndae, the spiracle is larger in Spinacidae, and 
largest in Raj,formes, where it is provided on its anterior wall with a 
movable valvular flap strengthened by the prespiracular cartilage,Fig. 44 o 

L K round 0 f Th g fiSh lt may $erVe ’ Wh6n the m ° Uth is a PP“ ed t0 

On fh f ' ? aSSage m and ° Ut ° f a CUrrent 0f water for respiration 

the front wall of the spiracular slit is the pseudobranch (p. 5,6) 

The adult Holocephali and Dipnoi have lost both pseudobranch and 

pterini" ^ ^ “ Jeleostomes an open spiracle persists in Poly- 

Ptenn , Actpenser, and Polyodon. In all other adult Teleostomes the 

pouchm S iV alth r gh 4 diStinCt VeSdge may femain of the Pharyngeal 

378 ) hZlu&T T’ S ° me Tele ° StS ( Wri « ht > 882 i Sagemehl, 

Lelido.t P ? aCh 1S here deve l° P ed in Acipenser, Polyodon 

Lepidosteus, Arma, and the majority of Teleosts. Figs. <37-9 
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These pseudobranchs have attracted much attention, and have been 
studied by many observers since they were first discovered as a pair of 
gill-like organs on the inner surface of the opercular fold in Teleosts by 
Broussonet in 1782. The two pairs of subopercular gills (pseudobranchial 
and opercular hemibranchs) of Acipenser were later found by v. Baer 
(1827), and those of Lepidosteus by Valentin (1831). It was Hyrtl (1838) 
who first pointed out that the pseudobranch is supplied with arterial 
blood and therefore is not respiratory in function. In 1839 J- Muller 
gave a masterly account of these organs in Pisces, established the homo¬ 
logy of the pseudobranch of Teleostomes with that of Selachians (spiracular 
or posterior mandibular hemibranch), and described two kinds of Teleo- 
stean pseudobranch, (1) free, with gill-lamellae projecting into the sub¬ 
opercular cavity, and (2) glandular, sunk below a covering epithelium. 
He suggested that the pseudobranch regulates the pressure of the blood 
supplied to the chorioid gland of the eye, since the afferent artery breaks 
up into capillaries which unite again to form the efferent pseudobranchial 
artery from which comes off the great ophthalmic artery. 

Recently our knowledge of the pseudobranch has been greatly increased 
by the researches of Granel (827-30) and Vialli (880-81), who have described 
special secretory ‘ acidophil cells ’ in the higher forms. The Selachii 
(except Scymnus) possess a well-developed gill-like pseudobranch (man¬ 
dibular hemibranch) lodged in the spiracular slit and reaching to near its 
external opening. Its lamellae may be numerous but bear few secondary 
lamellae, and these are thick and covered by a thick epithelium of cubical 
cells. The vascular tissue at the base seems to have a haematopoietic 
and haemolytic function. There are no acidophil cells (Vialli). The 
pseudobranchs of Acipenser and Polyodon are of similar structure, but 
more deeply set in the spiracular slit. In Lepidosteus , where this slit is 
closed externally but widely open internally, the pseudobranch migrates 
in development into the branchial cavity to a position on the under 
surface of the operculum. In Amia the pseudobranch grows and bulges 
outwards on the wall of a saccular diverticulum of the spiracular slit 
Fig. 733 - Although modified, it preserves the essential gross structure 
of a gill with lamellae supported by branchial rays as in the previously 
described forms, but, it is important to notice, resembles that of Teleosts 
in the appearance of a layer of acidophil cells. In the Teleostei the spiracle 
closes early, the mandibular pseudobranch arises near the interna 
opening of the spiracular slit, Fig. 529, but migrates and spreads into 
the subopercular cavity (Dohrn, 780). 1 It is at first a ‘ free ’ gill-like 

1 The view that the pseudobranch of Teleosti is a hyoidean gill (Cole, 
1901) lacks good evidence. 
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organ with projecting vascular lamellae provided with secondary lamellae, 
but tends to sink below the covering epithelium and lose its primitive 
structure in later stages in more specialised cases (Maurer, 848). 

Four adult types may be distinguished (Granel, 829) : (i) a ‘ free ’ 
pseudobranch with lamellae set along an axis and bearing secondary 
lamellae all covered by ectodermal epithelium ( Trachinus , and many 
other genera) ; (2) the lamellae are still free, but the epithelium covers 
them without sinking between the secondary lamellae ( Chrysophrys) ; 
(3) the lamellae no longer project, and have sunk below the general 
covering of ectodermal epithelium ( Phoxinus ) ; (4) the whole organ is 
not only buried, but has become more or less separated from the super¬ 
ficial epithelium by an overgrowth of connective tissue ( Gadits , Cypnnus, 
and others with a ‘ glandular ’ pseudobranch). Excepting for the 
separation from the thick ectodermal covering, the histological structure 
remains much the same in all four types, and may be interpreted as a 
modification of that of the ordinary gill with its middle vascular layer 
strengthened by pilaster cells, its subepithelial layer, and its now loosened 
ectoderm. The pseudobranch of Amia and the Teleostei is distinguished 
by the conversion of the subepithelial cells covering the middle layer into 
large granular secretory acidophil cells. Thus, far from being a mere 
useless vestigial organ, the pseudobranch seems in the higher Teleostomes 
to have acquired a new function, that of an endocrine gland, in addition 
to its original function of regulating the blood-supply to the eye. What 
this new endocrine action may be is not yet known. 

The blood-supply to the pseudobranch is dealt with elsewhere (p. 516) 
but it may here be pointed out that, owing to the formation of an 
anastomosis (afferent pseudobranchial artery) with the efferent vessel of 
the hyoid arch and interruption of the ventral region of the mandibular 
arch, it receives only arterial blood, Figs. 532, 537-8. This is the con- 
ltion m Selachians, and usually found in the lower Teleostomes and 
many Teleosts (Sab, 10) ; but in Polyodon the ventral mandibular supply 
persists and in Gadus is added to it a secondary afferent vessel coming 
from the c.rculus cephalicus. In Amia and such Teleosts as Esox this 

rmrr (wh ,: ch may be derived fr ° m the ° rbitai alone 

pplies blood to the pseudobranch (HyrtI, 1858-72 ; F. W. Muller, 
51 , Maurer, 848 ; and especially Allis, 802-3, 806). 

THE AORTIC ARCHES IN TETRAPODA 

of th? e m at ! ° f the a ° rtiC arches in Tetra P° ds affords material for one 

AmlLT mstructlve studies the evolution of vertebrate structure, 
g the various factors which contribute to their gradual modification 
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Fig. 540. 


Diagrams illustrating development and fate of aortic arches in Amphibia, left-side view completed. 
1 ( T y ^ ^ . a | t venous blood black and mixed V b?ood°™[ppled 

median r c£S ES? T<%«* ‘'^=33 

pulmo-cutaneous arch / ^pulmSiarf Cein??d££l' s^acular ilit ^ “emTLch sv 1 sfnus 
venosus ; /ra. truncus arteriosus (ventral aorta) ; t- ventricle ; vc,‘ vena cava^nferior ’ ’ 
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may be mentioned the establishment of pulmonary and loss of branchial 
respiration, the increasing separation in the heart of the venous from 
the arterial blood-stream, and the differentiation of the neck and con¬ 
sequent retreat of the heart to a more posterior position in the thoracic 



Me. 54 r 


afferent branchial artery ee external mil • i infernal l ° ni ^ s f ntenosus ; e, epitheloid body; eb, 
«, nerve cord ; o, operculum ; pjharli ’■ V periclrdlal cTJitv” 1 ' 0 ,' : ’*• Eternal gills ; 

"• Velar P’ 3 " ! *■ anastomosis l£t»Se^inKS branch,'al ^ries = ° r *' SUCker ’ 


region. Already in the Amphibia these changes have begun, but it is 

not till the Amniote grade of structure is reached that they are fully 
carried out. y 

Concerning the general development it may be mentioned that the 
paired rudiments of the dorsal aorta fuse to a median vessel posteriorly, 
but remain separate in the branchial region and lead to the internal 
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carotid arteries. The ventral aorta divides anteriorly into paired branches, 

giving rise to the external carotids, represented in Anura by the lingual 

arteries. The usual six pairs of lateral aortic arches are laid down in 

early stages ; and it should be noticed that the so-called aortic arches of 

adult Tetrapods do not strictly correspond to them alone, but may include 

a portion of the original ventral aorta below and of the lateral dorsal 
aorta above. 


The early development of the blood-vessels in the Anuran tadpole is 
much specialised and differs considerably in different forms (Goette 187^ • 
Marshall and Bles, 846; Boas, 8x3; Maurer, 849); but the general 
results obtained chiefly by Marshall and Bles may be summarised as 
follows. The first or mandibular aortic arch persists but little as the 
pharyngeal ’ artery. The second or hyoidean disappears. The third 




Fig. 542. 



° f ° f adU !- fr0g L an , d * a <jpole (after Maurer, from W. E. Kellicott, Char date 

B First !.. 3 „‘ .Continuous a ? r , ,C arch , of adult » showing parts corresponding with larval vessels 
• ’ . external gill and associated vessels in young tadpole. C, Internal trill and imsociitod 1’ 
in tadpole after disappearance of external gills." ab ? Afferent branchiS a “teo'w Jp th^d 
body eb, efferent branchial artery; eg, external gill; ig, internal gill ; 0 operculmu ■ ? x « K 
anastomosis between afferent and efferent branchial arteries • > P luni > x > direct 


aortic arch remains as the so-called carotid arch, carrying arterial blood 
from the truncus arteriosus to the external and internal carotid arteries. 
The fourth aortic arch remains as the chief or systemic arch which joins 
its fellow to form the dorsal aorta. The fifth arch disappears, and the 
sixth gives rise to the pulmo-cutaneous arch taking chiefly venous blood 
to the skin by its cutaneous branch and the lung by its pulmonary artery 

Fig. 540 . 

Important specialisations characteristic of Tetrapods generally have 
appeared. The task of carrying the forward stream of blood to the head 
is now assumed by the third aortic arch, and that part of the lateral 
dorsal aorta between the third and fourth arches,known as the ductus caro- 
ticus, is atrophied. Since, however, the ductus caroticus still persists 


* The bifurcation of the aorta tends to be carried farther backwards in 
generahy ° Wlng SeCOndar >' splitting of the median aorta in Tetrapods 
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in Apoda, in some adult Urodela, such as Triton (Boas, 813), and some 
adult Reptilia ( Sphenodon, Alligator (?)), and many Lacertilia (Rathke, 
1843,1857; van Bemmelen, 809; Beddard, 1904-6; O'Donoghue, 852), its 
obliteration has probably taken place independently in Amphibia and 
Amniota. The same may be said of the ductus Botalli (ductus arterio¬ 
sus), that dorsal part of the sixth aortic arch which joins the pulmonary 
artery to the dorsal aorta. Closed and reduced to a fibrous strand in 


adult Anura and the majority of Amniotes, it survives as an open vessel 
in Apoda, Urodela, Sphenodon, Alligator, and some Chelonia. Sphenodon, 
indeed, is the only Amniote normally preserving both these ducts in the 


fully developed adult. 

The fifth aortic arch disap¬ 
pears entirely in all adult Tetra- 
pods except the Urodela. It is 
always small even in the embryo, 
and vanishes so quickly that for 
a long time it was unidentified 
in Amniotes until van Bemmelen 
(1886) described it in the embryo 
of Reptiles and Birds, and Zim- 
mermann (1888) in that of Man 
and other Mammals, Figs. 543-4, 
548 . 



Fig. 543. 

Aortic arches of left side of chick embryo, 4$ days 
old. From an injected specimen. (After Locy, 
from F. K. Lillie, Develt. Chick, 1919.) Car.ext, 
External carotid; Car.int, internal carotid; D.a, 
ductus arteriosus; p.A, pulmonary artery; 3, 4, 5, 6, 
third, fourth, fifth, and sixth aortic arches. 


The ventral aorta always becomes spirally split to its base, being thus 
divided into a pulmonary trunk leading venous blood to the pulmonary 
arteries, and an aortic trunk leading to the systemic and carotid arches ; 
for these two pairs of arches are always associated. 

It is a familiar fact that in the Mammalia a complete aortic arch 

persists on the left side only. At an earlier stage in ontogeny the fourth 

aortic arches were complete on both sides, each giving off a subclavian 

artery ; but later the arch on the right atrophies posteriorly to the origin 

of the subclavian. What remains of the arch as far as its junction with 

the common carotid is now called the subclavian artery, and the region 

of the lateral ventral aorta leading to them is called the innominate 
artery. 

The specialisation of the aortic system in the modern Reptilia and 
Birds has proceeded on different lines from the Mammalian and must 
apparently have started before the obliteration of the ductus caroticus and 
ductus Botalli. In these groups not only has the pulmonary trunk been 
separated off from the original ventral aorta, but the remaining aortic trunk 
has also been spirally split to its base, so that two aortic trunks are formed 
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The smaller left arch now comes from the right side of the heart, and the 
larger right from the left side of the heart. In Birds only the latter persists 
(see, further, p. 562). An important point to notice is that in all living 
Reptiles and in Birds the base of the carotid trunk, formed by the union 
of the right and left carotid arches (third aortic arches), opens into the 
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Fig. 544. 

Aortic arches of human embryos : A, 5 mm. ; B, 7 mm. (after Tandler). 
(From Prentiss and Arey, Text-book of Embryology, I J17.) 


I-IV, Pharyngeal pouches. 


larger right aortic trunk, and the whole aortic arch system is character¬ 
istically asymmetrical in a manner differing radically from the asym¬ 
metry of the mammalian system. The significance of this divergence will 
be discussed later (p. 572). 

As the neck becomes lengthened the vessels of the carotid system 
become correspondingly elongated, Figs. 545-6. In Mammals all the arches 
retreat backwards with the heart and the internal and external carotids 
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are lengthened ; and the same thing happens in short-necked Lacertilia, 
Chelonia, Crocodilia, and Aves. In the two last groups the external and 
internal carotids anastomose anteriorly, and if the latter fuse to a median 
vessel the right carotid arch may then atrophy (Crocodilia). In Birds 
the external carotids usually atrophy ; the internal carotids may fuse, 
and then the base of either the left or the right atrophy. Another 



F'g. 545. 
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modification takes place in certain Lacertilia (Varanidae) and in the 

Ophidia ; here the carotid arches remain near the head and so become 
widely separated from the systemic arches, Figs. 545-6. 

Before entering the cranial cavity the internal carotid gives off a 
palatine branch which runs forwards below the basis cranii. This artery 
absent m Elasmobranchs and rarely represented in Teleostomes, occurs 
n the Dipnoi. After having entered the cranial cavity the internal 
carotids provide as usual cerebral arteries and a basilar artery to the 
central nervous system, small arteries to the pituitary body, and an 
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ophthalmic ’ artery on each side, which issues with the optic nerve and 
no doubt corresponds to the optic and ophthalmic artery of the fish. 



Fig. 546. 

Illustrating modification of the carotid arteries, correlated with elongation of the neck region 
C, Crocodile; D, bird, c, Coeliac artery; s 2 , secondary subclavian. (Other letters as in Fig. 545.) 

BRANCHES OF THE INTERNAL CAROTIDS: OPHTHALMIC 

AND' STAPEDIAL ARTERIES 

From the description given above of the arterial system of the head 
region, it appears that tHe specialisation of the cephalic arteries has had 
a considerable influence on the fate of the aortic arches and on the 
differentiation of the heart in the Vertebrate series. There remains to be 
discussed the homology of certain arteries and their relation to the skeletal 
and surrounding parts (Allis, 802-6; de Beer, 421). 

The fundamental relations of the internal carotids have already 
been described (p. 272). Each internal carotid is a prolongation of the 
lateral dorsal aorta, and gives off after entering the cranial cavity not only 
cerebral arteries but also an optic artery (so-called ophthalmic of Tetra- 
pods), which passes out to the retina of the eye with the optic nerve. In 
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Pisces it also gives off a more posterior ophthalmic artery to the chorioid 

plexus of the eye, Pigs. 247, 288. Both these arteries issue from the skull 

in front of the pila antotica. and dorsally to the trabecula cranii. On the 

other hand the aortic arches join the lateral dorsal aorta ventrally to the 

basis cranii. The Elasmobranchs are the only exception to this rule 

(P- 5 J 7 ), for in them the mandibular aortic arch (efferent pseudobranchial) 

joining the ophthalmic outside passes into the cranial cavity through a 

foramen dorsally to the trabecula, Figs. 246,247. This condition is probably 

due either to a difference in the assemblage of the cartilages of the posterior 

trabecular region (Allis, 670), or more probably to a loss of the original 

connexion of the mandibular arch with the carotid after its junction with 

the dorsally placed ophthalmic artery (de Beer, 421). No evidence of such 

a ventral connexion has, however, been found in the embryo of Selachians. 

In Teleostei these vessels are typically related in early stages, but, owing 

to the interruption of the original connexion with the lateral dorsal aorta 

of the efferent pseudobranchial, the latter passes intracranially directly 

into the ophthalmic artery in the adult, and this artery issues of course 

dorsally to the trabecula. Figs. 284,288-9,537-8 (seep. 518). The apparently 

abnormal relation of the internal carotid to the trabecula in Mammalia is 
discussed elsewhere (p. 263). 


Of great significance in determining the homologies of the stapes and 
parts of the ‘ middle ear ’ in Tetrapods is the stapedial artery (p. 467). 
I his artery can be traced with considerable certainty from Man down to 
the lowest fishes, where it appears to be represented by the orbital artery 
the so-called external carotid of many authors (Allis, 802-6; Schmalhausen’ 
699 ; Versluys, 769-70 ; Goodrich, 734 ; de Beer, 42I ). In Gnatho- 
stomes generally an artery is found branching off from the dorsal end of 
t ie second or hyoidean aortic arch or from the lateral dorsal aorta in 
ront of that arch, Fig. 547. Its primary morphological relations are 
as ollows : it is dorsal and posterior to the first (spiracular) gill-pouch, 
ventral to the hyomandibula in fishes ; it passes forwards through the 
cranio-quadrate passage to the orbit, below the otic process of the 
quadrate (p. 412 ) ; i ts branches pass outwards above the palatoquadrate 
wr and behind the processus ascendens to supply the side of the head 
n jaws. There are three main branches : the supraorbital, infra- 
r 1 a to upper jaw, and mandibular to lower jaw (Tandler 875-7 • 

a o nd Brezina > 83a ; Shiino, 870 ; O’Donoghue, 852 ; Twining, 878 ; 

6r ’i 33 4 ' In Se,ac,1 'ans the orbital artery may, owing to the 
wan growth of the subocular shelf, come to pierce the cartilage on 

,^ ay t0 the orblt ’ and become partially buried in the wall of the 
1 ory capsule. In Ami a it is enclosed in the jugular canal, while in 
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Lepidosteus and most Teleosts it appears to be represented by two vessels, 



A B 



Fig. 547. 

Diagrams illustrating fate of first three Aortic Arches, i, 2, 3, and relation of Orbital or Stapedial 
Artery to Hyomandibula in : A, Selachian ; B, Teleostoine ; C, Lacertilian ; D, Crocodilian • E, 

n™ T WS -, Externai carotid; hm, hyomandibula; ic, internal carotid; 
to, infraorbital , /, lingual ; md, mandibular ; or, orbital ; so, supraorbital ; st, stapes or columella 
auns ; sta, stapedial artery ; va, ventral aorta. y 


one passing through the jugular canal and the other through the subocular 
shelf farther forward, Fig. 284. 

The orbital artery is typically developed in Dipnoi ( Ceratodus ) and 
in Tetrapods, where it is known as the stapedial artery and often pierces 
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the stapes (p. 467). It has essentially the same relations and distribu¬ 
tion as in Selachians, but complications arise owing to anastomosis with 
the ventral true external carotid, which tends to rob it of some or all of 
its branches. This external carotid is an extension of the ventral aorta 
supplying thyroid, lingual, and sometimes mandibular branches. Even 
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from‘f Tandler\ Cft ^ 1C w " ? f arteria J arch - es and cephalic arteries in Rat, A. and Man, B (partly 
dorsal krif?. ’ S ? condar y anastomosis ; cc. base of carotid arch; ce, cerebral arterv • da 

pZ infra °r;>ital ; /.lingual; m d t mandibulkr ■ oph ophtKlm^ 

y , so, supraorbital , st, stapes ; sta, stapedial artery. 1-6, Six embryonic aortic arches. 


in Reptiha it tends to join the mandibular branch of the stapedial 
(Crocodile) ; and in Mammalia, although the stapedial artery is developed 
the embryo with its three main branches, in later stages an anastomosis 
is established with one or more of these, and their original connexion 
wit the dorsal aorta through the stapedial artery is lost (Tandler, 876). 

us in the rat the stapedial artery persists in the adult, Fig. 498, 
>ut gives off only the supra- and infraorbital branches, while in Man 








53 2 


VASCULAR SYSTEM 


CHAP. 


and most Ditrematous Mammals all three branches join the external 
carotid and the stem of the stapedial is lost, Fig. 548. The morpho¬ 
logical significance of the stapedial artery is further discussed above 

(p. 472). 


THE CHIEF VEINS OF THE HEAD 

The veins of the head region are of considerable importance not only 
as forming part of the vascular system, but also for the elucidation of the 
homologies of the skeletal elements. For in spite of many modifications 
in the Vertebrate series the veins on the whole preserve very constant 
relations to the surrounding structures. 

The venous blood from the anterior region in Gnathostomes returns 
to the heart by a system of veins derived from or connected with the 
anterior cardinals (p. 508). 1 

On each side cerebral veins issuing from the cranial cavity and orbital 
veins join to a jugular vein, which, receiving a ventral external jugular 
and a subclavian vein from the pectoral region, passes back into the 
ductus Cuvieri (vena cava anterior or precaval vein of higher forms). 
In Mammals a ventral cross connexion often develops between the two 
precavals, and the left precaval may then be interrupted and the blood 
flow into the right as in Man and other Placentals (in Insectivora, 
Cheiroptera, Ungulata, and many Rodentia, however, both precavals 
persist even when a commissure is formed). 

From the point of view of the general morphology of the head, the chief 
interest centres round the development of the jugular vein and its main 
branches in Craniates (Hochstetter, 835 ; Salzer, 866 ; Grosser and 
Brezina, 832 ; van Gelderen, 824). In early stages the embryonic anterior 
cardinal veins run forwards on either side of the notochord below and 
medial to the roots of the spinal nerves and the myomeres. They are 
continued forwards over the gill-pouches and medial to the cranial nerves 
and auditory sac as the venae capitis mediales draining blood from the 
brain. Just behind the developing hypophysis they become united by a 
transverse hypophysial vein passing ventrally to the original tip of the 
notochord, Figs. 242, 245, 256. 

The tributaries of the longitudinal v. capitis medialis become dif¬ 
ferentiated into an anterior cerebral vein (from the eye and fore-brain), 
a middle cerebral vein (from the middle region of the brain including 
the cerebellum), and a posterior cerebral vein (from the remainder of the 

1 In Cyclostomata these veins, although built on the same general plan, 
undergo some peculiar modifications mentioned in connexion with the heart, 

P- 543 - 
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hind-brain). The v. cap. medialis receives the last vein behind the 
auditory sac near the vagus nerve, the middle vein near the root of the 
facial nerve in front of the auditory sac, and reaches forwards to the 
anterior vein. This system of embryonic head veins is situated within 
the cranial cavity; but the v. capitis medialis soon becomes more 
or less completely replaced by another more lateral longitudinal vein, 
the vena capitis lateralis, which develops outside the cranial 

Middle cerebral vein Posterior cerebral vein 


Fig. 549. 

Veins of head of 9 mm. human embryo (after Mall.) x 9. (From Prentiss and Avev, Text-book of 
Embryology, 1917.) 

wall and flows into the anterior cardinal behind the vagus nerve. The 
v. cap. lateralis arises from a number of loops which grow round the 
auditory sac and cranial nerves from the v. cap. medialis, and fuse to 
a longitudinal vessel outside them. As this v. cap. lateralis becomes 
completed the inner vein tends to disappear, remaining only in so 
far as is necessary to enable the tributaries to communicate with the 
outer one. Thus the v. cap. medialis always disappears in the region of 
the auditory sac, but remains on the inner side of the trigeminal nerve 
to receive the anterior cerebral, ophthalmic, and hypophysial veins, and 
passes out through the wall of the skull with the facial nerve to join 


Sinus 

Anterior cerebral vein 
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the v. cap. lateralis. The posterior cerebral vein flows into the v. cap. 
lateralis farther back, passing out of the skull with the vagus nerve through 
the jugular foramen, Figs. 245-6, 550. 



The adult jugular vein (head vein, Stammvene) is, then, of mixed 
origin, and varies considerably in composition in different groups. 
Throughout all the Gnathostomes, however, its development is similar, 
and the transverse hypophysial vein passes out of the skull just anteriorly 
to the pila antotica (p. 244). 
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That part of the jugular vein derived from the v. cap. lateralis per¬ 
sists in Cyclostomata, Pisces, Amphibia, Reptilia, 1 Monotremata, and 
Marsupialia. It runs outside the auditory capsule backwards alongside 
the hyomandibular branch of the facial nerve through the cranio-quadrate 
passage (p. 412) and dorsally to the spiracular gill-pouch. In Selachians 
it runs dorsally to the hyomandibular cartilage (p. 416), and in the 
Tetrapods dorsally to the columella auris or stapes (p. 467). In Teleo- 
stomes it runs through a short jugular canal in the thickness of the wall of 
the auditory capsule (p. 276), and passes medially and ventrally to the 
hyomandibula, being apparently represented in this region by two veins, 
Fig. 446. A third venous loop occurs in some Teleostei passing outside 
the hyomandibular (de Beer, 421). Occasionally (as in Cyclostomata, 
most Selachii, Polypterini, and Anura) the v. cap. lateralis continues 
forward to the orbit outside the trigeminal nerve. But usually this nerve 
passes laterally to the head vein, which is then derived here from the 
v. c. medialis. 

Among the Tetrapods there is a progressive tendency for the blood 

from the brain to drain into a newly formed median dorsal sinus passing 

backwards to the posterior cerebral veins. The connexion of the anterior 

cerebral vein with the v. cap. medialis is lost ; but the middle cerebral 

vein persists, except in the higher Mammalia, issuing into the orbit with 

the facial nerve. In the Lacertilia (except Amphisbaenidae) the original 

connexion of the posterior cerebral vein with the jugular is lost, and the 

blood is carried out behind the occipital arch ; in Chelonia, however, 

both outflows are present (Grosser and Brezina, 832; Versluys, 769; 
Bruner, 817). 

While the v. cap. lateralis still persists in Monotremes and Marsupials, 
it disappears for the most part in adult Placental Mammalia. Anasto¬ 
moses occur and it is replaced by intracranial sinuses which carry the 
blood back to the posterior cerebral vein and so out by the jugular 
foramen to the ‘ internal jugular vein 

From the brief account given above it appears that the vena capitis 
medialis and the vena capitis lateralis are constantly developed in the 
embryo of all Craniata, and that they and their branches bear important 
relations to the skeletal and other parts. They always contribute to 
the formation of the adult jugular vein. The external jugular vein, 
another branch from the ductus Cuvieri, is more variable in extent, seems 
to develop independently, and drains usually the more ventral and lateral 
regions of the head, including sometimes the lower jaw. 


In Crocodilia and Aves it 
Gelderen). 


is replaced by a secondary outer vein 
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THE HEART 

The heart of the Craniate Vertebrates is a specialised part of the 
primary longitudinal ventral vessel, and is a muscular pumping organ 
adapted in the first place to drive the venous blood forward and upward 
through the gills. Consequently it develops just behind the gills and in 
front of that point where the ventral vessel receives the venous blood from 
the body-wall and the alimentary canal by the ductus Cuvieri and hepatic 
veins (see p. 506). 

The Acrania (Cephalochorda) represent an earlier stage in the phylo- 
geny of Vertebrates before the differentiation of a heart, since in them 
the subintestinal vein (somewhat broken up on the liver) is continued 
forwards into the pharyngeal region as a ventral aorta without special 
enlargement. The venous blood in Amphioxus is propelled along this 
ventral aorta, which has contractile muscular walls, and up the branchial 
vessels of the primary gill-bars with the help of bulbous enlargements at 
their base. The ventral aorta is suspended in the coelom below the 
endostyle, and the main branchial vessel passes up the bar on the inner 
side of its coelomic canal, 1 Fig. 707. 

The relations of the vessels and cavities in Craniates are fundamentally 
similar (p. 49 °)> but the coelomic cavities of the bart^ajre early suppressed, 
and the ventral coelomic cavity is concentrated as it were round the heart 
to form the pericardial coelom. The latter cavity is of course at first 
paired, the right and left cavities being separated by a primary longi¬ 
tudinal mesentery, and it is between the two folds of this mesentery 
(mesocardium) that the heart is developed. Very soon the ventral 
mesocardium disappears leaving at most some connecting strands, and 
later the dorsal mesocardium also breaks down except at the anterior 
and posterior ends where the cardiac tube pierces the wall of the peri¬ 
cardial coelom. Except at its two ends the heart now lies freely in the 
protective pericardial cavity, and is thus enabled to become coiled, to 
enlarge, and to pulsate. The early development of the heart is so well 
described in current text-books that only a few points need here be 
mentioned, Fig. 551. 

In ontogeny as in phylogeny the heart first appears as a longitudinal 

1 From the afferent vessels three branches pass up each primary bar and 
join again to open into the dorsal aorta. A loop of two vessels extends down 
to near the ventral end of the secondary bar, receiving blood from the primary 
bar through the cross-bars or synapticula, and also opens into the dorsal 
aorta. Dorsally the efferent vessels on each side are joined by a longitudinal 
commissural vessel which breaks up at intervals into a capillary network 
supplying the nephridia (Spengel, Benham, Boveri, 814). 
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median vessel: Cyclostomata, Elasmobranchii, Teleostomi (except Teleo- 
stei), and Amphibia. But in Teleostei and Amniota, where the embryo 
develops as a flattened blastoderm overlying a yolk-sac, and where the 
closure and separation of the alimentary canal is delayed, the heart 


■ns'Sons ST'^iSTerb^'of 1 R ‘ ra r'^-tions through correspo, 

o«nb ryos ot R sylvatica (Af *> Brac f h ^- £Tm W E ’ Keilkott e< rw \ n* h " Sa,ne rc « ion in ok 

dm, Dorsal mesocardium ; card?a^ndo”hd[V d ° Ral mes ocardium still prese 

A pericardial cavity ; ./somatic CpH»yo> 


feetrir 111 , rudiments which in the middle line below the 

fore-gut at a later stage. The outer wall of the tubular heart is formed 

y the enveloping splanchnic mesoblast or visceral layer of the peri¬ 
cardium and becomes the thin adult ■ epicardium ThJ thin inner 

of tJe aduk m 5t d ■ °H a -Tf‘ al endothelium ' y ieldi "g the ‘ endocardium ’ 
adult. It is denved from cells which gather between the splanchno- 
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pleure and the yolk-cells, and are in all probability of mesoblastic 

origin. The thick muscular layer between the endocardium and epi- 

cardium, and known as the ‘ myocardium is developed from mesen- 

chymatous cells proliferated from the medial surface of the splanchno- 
pleure, Fig. 551. 

The originally straight cylindrical cardiac tube becomes differentiated 
into four primary regions or chambers separated by constrictions—a 
posterior sinus venosus, atrium, ventricle, and anterior bulbus cordis, 1 
F>g- 552 . The sinus venosus bulges into the pericardium from its 
posterior wall, and receives all the venous blood from the hepatic veins and 
right and left ductus Cuvieri, which open freely into it; also from the 
heart itself by the cardiac vein. The sinus opens into the atrium in front 
by an aperture guarded by two sagittal sinu-auricular valves. The atrium 
communicates with the ventricle by an atrio-ventricular aperture also 
provided with two valves, the region leading to this opening generally 
forming a narrow (atrial or auricular) canal. The tapering anterior end 
of the ventricle passes into the bulbus cordis, which is continued into the 
truncus or base of the ventral aorta outside the pericardial cavity. This 

U US m lower fishes is converted into the conus provided with longi¬ 
tudinal rows of pocket valves-a primitive condition (p. 540). The valves 

e\ e op rom thickenings or folds of the endocardium, are disposed with 
eir concavity in front, and ensure the passage forwards of the blood 
from chamber to chamber. A backward flow of the blood tends to make 
them meet and close the lumen, while blood flowing forwards tends to 
separate them. Whereas the walls of the blood-vessels generally are 
provided with smooth muscle fibres, the walls of the four chambers of 
the heart in all Cramates have striated muscle-cells of a peculiar histo- 
ogical structure quite characteristic of this organ. The blood is propelled 
forwards from chamber to chamber by successive rhythmic waves of 
contraction starting in the sinus and ending in the bulbus. In the fully 
developed heart the wall of the sinus is thin, has little muscle, and is 
only slightly contractile, that of the atrium more muscular and very 
distensible, while the conus is primitively stiff, muscular, and contractile ; 

antLior7e e e io h n aS of b th e p n h C0 ^ SiCi « ra ,u e COnfusion >" the nomenclature of the 

by embryologists totheTnte^rchamter 5 'to "h™ ^ 

introduced by Gegenbaur to desmna^ethe " ame conus arteriosus, 

Selachian heart, is often given to it More ante " or c I " uscular rc S ion of th ® 
rnrrpqnnnd tr. thof ^ *- t 4-u ' ^ Ioreov er, the Selachian conus does not 

then to ln. K th k m ‘ “ Called in human anatomy. It is best, 

then, to apply the name bulbus cordis, introduced by A Longer to the 

embryonic structure throughout the Craniata, and keep the name conus 
“nd Amptbi a a dU,t mUSCU ' ar derived from it in 
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but the most effective chamber is the ventricle, whose powerful muscula¬ 
ture forms a very thick wall. The lumen of the ventricle is partly invaded 



chamfeTf S ,t U WM? GnalhSfimes f avit5 ', and Phonetic modification of the 

c, Amphibian stage: D Amniote stai/e ’ at * Atri.? tlC . a I primitive condition ; B, Selachian stage ; 
dms ’ dorsal raesocardial fold • hv hen.ftic vein • Z! ^°, nu . s art eriosus ; dc, ductus Cuvieri ; 

coelom ; pi peritoneal coelom - t ’ ’ aurlc ^ e lv, left ventricle ; pc, pericardia] 

^ ventricle iva ventr^Taona -^ venosus • truncus arteriosus ; 

inferior ; wpc, wall of pericardial coelom < ‘- ’ VCa> Vena cava anterlor ; vci, vena cava 


. subdivided by muscle strands and trabeculae (columnae carneae) 
extending inwards, sometimes attached by tendons, and preventing undue 
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dilatation. Similar but much less pronounced strands may be present in 
the atrium (musculi pectinati). Tendinous restraining strands (chordae 
tendineae) may be attached to the edges of the valves, often provided 
with muscles (musculi papillares) in the higher forms. 

The cardiac tube of the embryo never retains its primitive longitudinal 
disposition in Craniates. Confined within the pericardium and attached 
at both ends, as it lengthens and thickens it necessarily bends and becomes 
somewhat spirally coiled. A ventral V-shaped loop to the right involving 
the ventricular and bulbar regions and directed backwards is constantly 
formed, and the whole tube acquires an S-shaped curve. The atrium 
thus comes to lie dorsally to the ventricle whose apex points backwards. 

This curvature of the heart is more pronounced 
in higher than in lower forms, Figs. 553, 560, 

572- 

Coming now to the modifications of the heart 
in the various groups of fishes (Gegenbaur, 
822-3 ; Rose, 862 ; Lankester, 843 ; Parker, 
853 ; Goodrich, 35 ; Daniel, 487 ; and others), 
we find the most primitive form in the 
Elasmobranchs, Figs. 553-5. Here the 
heart is outwardly almost bilaterally sym¬ 
metrical and is enclosed in a roomy pericardial 
cavity. The large sinus, which receives the 
hepatic veins and ductus Cuvieri, has its open¬ 
ing into the still larger atrium guarded by two 
sagittal valves. Two obliquely set valves are 
also present at the atrio-ventricular aperture 
situated somewhat on the left side. The well-developed contractile 
conus developed from the bulbus cordis is usually provided with three 
main longitudinal rows (of which one is dorsal and two ventro-lateral) 
of many pocket valves set in transverse rows or tiers. The number 
of valves varies considerably, and there may be vestigial valves between 
the main ones. So many as six tiers of valves may be present ; those 
of the first tier are often enlarged, and those of the middle and posterior 
tiers may be reduced. A gap may occur between anterior and posterior 
tiers, as in Heptanchus ; in Chimaera and some sharks only two tiers 
of well-developed valves remain. These valves develop in the bulbus 
cordis from four longitudinal endocardial ridges capable of closing the 
lumen on contraction of the wall, and which later become subdivided 
and hollowed out into pockets directed forwards. Owing to the reduc¬ 
tion of the ventral ridge only three well-developed valves usually 
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Fig. 553 . 

Two stages in the develop¬ 
ment of the heart of Squalus 
seen from the ventral side. 
(After Hochstetter, 1906 .) at, 
Atrium ; c, conus arteriosus ; 
s.v, sinus venosus ; V, ventricle. 
(From Kerr, Emlnyology, 19*9-) 
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occur in each tier. 1 The conus leads into the elongated ventral aorta, 
which shows no differentiated truncus chamber. 

The structure of the heart of the Teleostomi resembles that of the 
Elasmobranch, and has diverged from it chiefly in the region of the conus 
where important modifications occur, Figs. 555-6. The presence of a 
muscular contractile conus may be considered as a primitive feature 
(Gegenbaur, 823), and it persists in such lower Teleostomes as the 
Chondrostei, Polypterini, and Lepidosteoidei. That of Acipcnser, with 
its three tiers of four or five valves, 
closely resembles the conus of Sela¬ 
chians ; but in Polypterus and Lepi- 
dosteus it has become elongated and 
the number of valves greatly increased. 

Lepidostens may have so many as seven 
longitudinal and eight transverse rows. 

On the contrary, in Amia and in the 
Teleostean series, as Gegenbaur showed, 
the conus tends to become reduced and 
replaced from in front by a non-contract- 
ile region with fibrous wall called the 
bulbus arteriosus. Amia has a large 
bulbus arteriosus, but still possesses a 
considerable conus with three tiers of 
four valves. In the typical Teleost, 
however, the conus has been practi¬ 
cally abolished, being represented by at 
most a narrow muscular zone bearing 
a single row of valves rarely more than 
two in number. 


DCs 
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Fig. 554. 

Heart of Squalus acanthias, from the 
dorsal side, with the atrium cut open. 
(After Rose.) co, tr, Truncus anteriosus ; 
D.C.d and D.C.s, right and left precavals ; 
O.a.v, atrio-vcntricular aperture ; V.a.d and 
V.a.s, right and left valve of the sinus 
venosus ; la-^a, afferent branchial arteries. 
(From Wiedershcim, Comp. Anatomy.) 


Intermediate con¬ 
ditions are found in some of the lower Teleosts (Clupeiformes) ; a 
distinct remnant of the conus with two transverse rows of valves 
occurs in Albula (Boas, 811), and also in Tarpon and Megalops 
( enior, 868). Whether the Teleostean bulbus, which may acquire very 
thick fibrous walls, should be considered as a new formation, as a back¬ 
ward growth from the ventral aorta (truncus), or as a converted part of 
t e conus itself, is doubtful. But in favour of the first view it should 
be said that there is little doubt that the surviving row of valves repre- 

faCt that !° Ur endocardial longitudinal ridges (right, dorsal, left, and 
and t 1 ° CCU , r t lC embryonic heart not only of Elasmobranchii, Dipnoi, 
evidence^hnt th but also of Acipenscr, Amia, and Lepidosteus (E.S.G.), is 
sponding r * ^ Va VCS ° f the conus wcrc originally disposed in four corre- 
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sents the anterior and generally enlarged tier of more primitive forms, 
and Gegenbaur has pointed out that its valves are already attached in 
front to the wall of the truncus in Selachians. According to Senior 
and Hoyer (838) the conus is represented by the narrow muscle zone 
at the base of the valves which becomes joined to the Teleostean 
ventricle, and according to Hoyer and Smith the conus has been by a 
process of intussusception, so to speak, 

A .1 1 • - - 



telescoped into the ventricle. 

The Teleostean heart shows an 
extreme stage of specialisation pecu¬ 
liar to the group, and not leading to 
the structure of any of the higher 
vertebrates. This conclusion is amply 
supported by evidence derived from 
other organs such as the brain, 
alimentary canal, and gonads, all of 
which point to the Teleostei being a 
side branch of the phylogenetic tree. 

The heart of Cyclostomes is in 
some respects highly specialised ; 
chiefly perhaps owing to the strange 
fact, not yet explained, that only one 
ductus Cuvieri is preserved in the 
a dult (J. Muller, 1833-43 ; Yialleton, 

8 79 ; Rose, 862). The sinus venosus 
consequently takes up an almost 
vertical, dorso-ventral position, pass¬ 
ing between atrium on the left and 
ventricle on the right. As Goette 
showed (825), the venous system 
develops normally in Petromyzon 
with paired ductus Cuvieri leading 

iTin Pa T d CardinaIs t0 the sinus > which also receives blood from hepatic 
bet med ' an JUgU ' ar Vein ' Later an a " a stomosis develops dorsally 

ri „ht duct r g and l6ft cardinals 50 th at all their blood passes to the 
becom en and the ' eft dUCtUS is obliterated. The sinus thus 

cardium t ™ Tr ° W J esse ' P assln g in th e remaining portion of the meso- 
and h 1 He nght ° f the gUt mt0 the ductus above and into the jugular 

but t “ '"‘"'“'“r apertures. There i, no well-developed conu, ; 

chamber .s represented by a short region beyond the ventricle, 



Heart of Lepidostcus osseus, L. I, Ventral 
view ; II, conus arteriosus opened, a, Atrium • 
b, conus; e, /, g, transverse rows of valves in’ 
conus ; h, k, l, m, four afferent branc hial vessels • 
^ ventricle. (After Gunther, from Goodrich,* 
Vert . Craniata, 1909.) 
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containing in Petromyzon two longitudinal ridges comparable to those 
found in the embryonic conus of other forms (Vialleton). The passage 



Fig. 557. 

Heart of the frog. A, General dissection from the ventral side, a.v.d. Dorsal atrio-ventricular 
valve ; a.v.L, left ditto ; a.v.R, right ditto ; b, bristle passed from ventricle into conus ; C, conus ; 
c, carotid ; l.a, left auricle ; p.v, opening of pulmonary vein ; pc, pulmo-cutaneous ; r.a, right auricle ; 
s, systemic cavity ; s.a, atrial septum ; s.c, septum of conus ; s.o, opening from sinus venosus ; 
V, ventricle ; v.A, ventral aorta. (From J. G. Kerr, Zoology, 1921.) 

from the ventricle to the conus is provided with a right and left pocket 
valve. A remarkable fact is that, while it is the right ductus Cuvieri 
which alone persists in the adult Lampreys, it is the left ductus which is 
preserved in Myxinoids, Figs. 521, 680 a. 
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• ^ of the Dipnoan heart and 

passing to the Tetrapods, we find a general advance in specialisation 
and a profound modification correlated with the appearance of pulmonary 
respiration and the disappearance of the gills. Already in the Amphibia 
more especially in Anura, the heart acquires the shape characteristic of 
this organ ,n Tetrapods (Boas, 8.3 ; Gaupp, 8 „ ; Rose, 862 ; Rao and 

amana, 857; Rau, 858; Oliver, 1910). Moreover, the pericardial wall 
ecomes thinned out and freed from the lateral body-wall, so that the 
heart ls covered by a thin membrane extending above, behind, and at 
si es, Figs. 552, 557-8. In the Anuran heart the S-shaped curva- 

mnt of S iK Pr ,° n0UnCe ? the 3trium < aurides ) « carried forwards in 

Z it rt ^ “ V<?ry mUSCU ' ar V6ntricle and now ^ens backwards 

>nto ,t. The sinus venosus is also carried forwards dorsally and opens 
downwards into the atnum. An important innovation is the subdivision 
e atrial cavity into a large right and smaller left auricle by an 

wa 1 Ind'exte d^ f *****' f °' d firSt arisin g from the anterior 

wall and extending posteriorly and to the auricular ventricular aperture 

The oxygenated blood is brought directly from the lungs to the ,eft 

itse stm an Tl Ve '' n PaSSi " g ° Ver the sinus ‘ The si "us 

of th. t 7 7 7 s y mrne trical cavity formed by the junction 

bo d f ° CUViCri V6na — inferior - receives the venous 

v in) aZ ° f the b ° dy (and from the heart by the coronary 

by right an^efVsemT thr ° Ugh ™ ° pening pro *cted 

d ° f, SmU f are on °PP°site sides of the septum. Two large dorsa" 
7m V h t; rTc esTo° Z if ^ gUard the 

specialised rt f * 7 " ^ twisted “nos « much 

Anura differentiate?!°t embr yon.c bulbus cordis becomes in adult 

‘ truncus imnar W a . p0S . ten ° r C ° nUS ( pylan g iu m) and short anterior 
cardium inf , The latter P ass « outside the peri- 

three anteriorfrcRei ThZthf"' 105 ’ f °. f Which S00n SpIits int ° the 
with striated muscf J 7 “““ S W ‘ th ltS contractile wall provided 

the anterior part or n ^ v 7 heart there Can be no d ° ub t; but 
reckoned as represent Zh 7 Wh °' e ° f the truncl, s impar should be 
bulbus cordis ii pro v7i he , Sh0rt<?ned Ventrai a0rta ' As usual the 
internal endocardml' v, ‘ n 7 W '' th f ° Ur 'ordinal (spiral) 

and ventral rideeZ ^ ^ g,VC t0 val — The dorsal, left’ 

onl >- to three pockflZfZZ 1 ” the middIe a " d give rise as a rule 
Posterior end of th ° NCS . at the anterior end and three or fewer at the 

r ight rid^e C ° nUS W ? th a wide ga P between - The better-developed 

eS a contln uous longitudinal fold (septum bulbi, spiral 
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valve) projecting into the lumen so as to subdivide it incompletely into two 
channels—the cavum systemo-caroticum and cavum pulmo-cutaneum. 
Attached anteriorly to the dorsal surface of the conus wall, this fold 
turns to the left and ends posteriorly on the ventral surface near the 
ventricular opening. At its anterior end it expands to a hollow pocket¬ 
like valve, into which penetrates the extreme posterior end of the hori¬ 
zontal septum of the truncus (septum principale). This fold completely 
separates the lumen of the truncus into a dorsal passage continuing the 
cavum pulmo-cutaneum and a ventral passage continuing the cavum 
systemo-caroticum. Shortly in front of the anterior conus valves the 




Fig. 558. 

Heart of a frog. B Ventricular end of conus slit open to show the pocket valves: C, atrio- 
ventricular valves (closed), etc., as seen in a heart cut transversely through the auricles and conus 
and viewed from the headward side. a.v.D , Dorsal atrio-ventricular valve ; a.v.L, left ditto; 
a.v.R, right ditto; a.v.l , ventral ditto; C, conus; s.a 9 atrial septum; s.c , septum of conus; 
I. 2 > 3 > pocket valves at ventricular end of conus. (From J. G. Kerr, Zoology , 1921.) 


latter passage is again subdivided into paired systemic and carotid 
cavities leading to their respective arches. These various septa, subdivid¬ 
ing the cavity of the truncus, including the septum principale, appear to 
be formed by the extension backwards of the walls separating the 
approximated bases of the arches. Concerning the exact mode of action 
of this complicated system of folds, valves, and septa, there is still some 
difference of opinion (Sabatier, 865 ; Gaupp, 821 ; Rau, 858) ; but the 
mam result seems to be as follows. The venous blood received by the 
right auricle passes into the ventricle whence it is forced up the cavum 
pulmo-cutaneum, and the aerated blood, brought to the left auricle from 
the lungs, is passed through the ventricle and driven up the cavum 
systemo-caroticum. The arterial and venous streams are but little mixed 
in the ventricle owing to the sponginess of its wall, and to the bulk of 
the venous blood being expelled in the first phase of ventricular contrac- 





URODELA 


547 




i s a* 


arteries • 5 ! "Jff* aunc, « = O.av, atrio-vcntricuVar aperture - P?T rt, 2 e J nto thc ^ aur 

s > “• «*■ toT -enal arches. (From 5Sl&^*™ j, ,«'•*•* 


» sinui.j 

i °t tST" in ipi,e °' the or the lw „ !treams 

•0. «r l c«~‘“"s r,” y r ,h "r ■-». 

" i trrc- "if"' ,nd 

-ntal septum of the trun us , mU 35 '" th ° fro S> the hori- 
backwards so far into the 1S T mU( 11 deveJo ped, does not grow 
into four paired r) 1 C ° nUS * lc umen of t,le truncus is subdivided 
arches i! u Channe,S corres P onding to the four pairs of persistent 

" *-“•« «">*'» the ..ndenc, S (or fZTd 
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remain undeveloped, and for the spiral valve to disappear more or less 
completely. Thus Siren has four posterior pocket valves and three 
anterior, with a fourth elongated into a short spiral fold ; but in Meno- 




Fig. 560. 

Views of the heart of Lcpidusircn as seen from the morphologically ventral side. (B and C after 
J. Robertson 1913) A, Stage 32; B, stage 31 ; C, stage 35.' at, Atrium; C, conus arteriosus; 
l.a, left auricle ; r.a, right auricle ; V, ventricle. (From Kerr, Embryology, 1919.) 

branchus the spiral fold has disappeared leaving only four main pocket 
valves at each end of the conus, and in Proteus only two pairs of such 
valves are present. Moreover, the interauricular septum is thin and often 
perforated. Thus the venous and arterial streams become less com¬ 
pletely separated, and it is clear that the heart tends to lose its specialisa- 
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tions as the branchiae remain more and more functional in the adult 
and pulmonary respiration loses its importance. The same sort of 
degeneration occurs in the Gymnophiona (Apoda) where cutaneous 
respiration is so much developed ; for here also the spiral fold disappears 
and even the posterior valves of the conus (Wiedersheim, 652; Boas’ 
13). In the aberrant lungless Salamanders, indeed, not only may the 
conus be simplified, but the interauricular septum may not be developed 
a return to an almost fish-like condition (Bruner, 816 ; Hopkins 287} 

Th„ ,,„<f y of the hear, of the Dipnoi ,s great i mpo E^ f'/fh, 
understanding of the structure and phylogeny of the heart in the Tetrapoda 



Atn^™triL“r plug ;^colo„”a^VVn (/uf) ht Tc STfc ^ruon. AV p 

“ il/“vi SinUS , Venos f‘ s 8“ open"S !^L S n hrn7hri? n de f„d.c' r ,' a ', ? ptum ' wnuKta? 
, HI, VI, aortic arches cut near their ventral J 5 L "Kent K J ^ 

(Boas, 812 ; Rose, 862 ; Robertson, 861 ■ Kerr 8„n ■ r , • , 

hounded'by 1 stiff wSls” The" >thc ^ ^ "tl» 

«... r zrr r in o,h " 

Ur ocle 1 !elfmp>h ibian ^ ^ X 

two ductus Cuvieri and T‘ V6n ° SUS reCmeS the venous blood 

cava inferior ;,-t h ;he heim m 'T ^ * the of a vena 
the separation of the ret P ^7 ; ^ lm P ortant new departure is 

P ation of the return stream from the lung-like air-bladder. For the 
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two pulmonary veins join , as in Amphibia, to a single vessel which, passing 
along the dorsal wall of the sinus, empties aerated blood directly into the 
left side of the atrium. Into the right side of the atrium the sinus empties 
the venous blood, and there extends from behind and above a muscular 
septum which subdivides the atrial cavity almost completely into larger 
right and smaller left auricular spaces. Immediately to the right of this 
interauricular septum is the sinu-auricular opening provided with a right 
valve, and on the left side of the septum is the opening of the pulmonary 
vein protected by a small fold on the left. Into the large atrio-ventricular 
opening fits a fibrous or partly cartilaginous plug arising from the posterior 



Fig. 562. 

Protoptcrus anmclens, transverse section of heart of larva through auriculo-ventricular openings. 
ec, Endocardial cushion ; tvs, interventricular septum ; la, left auricle ; Idc, left ductus Cuvieri ; 
pv, pulmonary vein ; ra, right auricle ; rdc, right ductus Cuvieri ; sv, sinus venosus ; v, ventricle. 

margin of the opening. This highly characteristic structure is peculiar to 
the Dipnoi; it is attached above to the interauricular septum and below 
to a corresponding median ventral muscular interventricular septum which 
incompletely subdivides the ventricular cavity from behind. By means 
of these muscles the plug can be raised to open or lowered to close the 
aperture into the ventricle. No other valves are developed at the atrio¬ 
ventricular opening, and the plug probably represents an enlargement of 
the ventral of the two endocardial cushions here developed in other forms, 
Fig. 562. 

The large conus, developed from the bulbus cordis, has but feebly 
developed musculature anteriorly and a marked spiral twist. Robertson 
describes the development in the bulbus cordis of Lepidosiren of four 
longitudinal ridges interrupted in the middle region and sharing in the 
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spiral twist. 1 From these arise the valves and ridges of the adult conus. 
The dorsal and ventral ridges 
are vestigial; posteriorly they 
give rise to vestigial pocket 
valves round the base of 
the conus. The right main 
ridge becomes continuous and 
develops into the ‘ spiral 
valve’, which meets and even 
fuses anteriorly with the op¬ 
posing shorter left ridge. These 
two ridges meeting subdivide 
the lumen of the conus in front 
into dorsal and ventral chan¬ 
nels (as in Amphibia). Since 
the hinder end of the right 
ridge thus passes to the left 
and becomes ventral, owing to 
the spiral twist, it continues 
the line of the interventri¬ 
cular and interauricular septa. 

Thus the cavity of the whole 
heart is incompletely divided 
longitudinally into two chan¬ 
nels. The venous stream on 
the right is driven mainly into 
the dorsal channel, and the 
arterial stream on the left into 
the ventral channel of the 
anterior region of the conus. 

In this way the first two adult 
arterial arches, with which 
are connected the carotid 
arteries, are supplied mainly 
with arterial blood ; while the 
more venous blood passes to 
the remaining arterial arches, 
including the last which gives 


Pig. 563. 

Ceratodus Forster,, Krefft. Ventral view of the heart 
dissected so as to expose the inside of the ventricle and 
conus, and the disposition of the aortic arches, a 1 - 4 Four 
aortic arches (a dotted line passes up the base of the 1st 

rH n„« OII V bm T d . and 4 th ); “*• atrium; c, rut wall of 
n r \ p - ug fiI , lng the a trio-ventricular opening ; Iv, 
small posterior valves ; p, portion of wall of pericardium 
sv specialised row of enlarged valves ; t, trunrus • 1/ 

lin^ r !° r Vd VC \ Vt ' K Ut waU of ventr *cle ; u' and 2, dotted 
lines passing into the sinus yenosus. (Compare Fig. 564, 

P- 552.) (Prom Goodrich, Vert. Craniala, 1909 ) 


Off the pulmonary artery (p. 583). For the ventral aorta of Dipnoi is 

as s :iw aPP rr f pi ?-' tWiSt ° f th,S regi ° n in Di P noi Tetrapoda is 
associated wrth the k.nkmg of the elongating tube (Kerr, 840 , Bremer, 815). 
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shortened up into a truncus remarkably like that of Amphibia, and as 
in the latter the walls between the arches are carried back so as to sub- 



Fig. 564. 


Heart of ProtopUrus annectens, Owen. A, Dorsal view ; B, opened, ventral view ; C, the sinus 
venosus opened, a, Cut arterial arches ; a 1 and 2, entrance from conus to first two arches ; a 3 and 
4, entrance to last two arches ; at, atrium ; c, conus arteriosus ; cux , cut w r all of conus ; cwv 9 cut 
wall of ventricle ; /, fibrous plug closing the passage from ventricle to atrium and passing into the 
sinus ; /, dorsal attachment to pericardial wall ; Id, left ductus Cuvieri ; lv 9 longitudinal ridge ; 
p 9 small portion of pericardial wall ; pv 9 pulmonary vein ; rd 9 right ductus Cuvieri ; sv p longitudinal 
impound valve ; v 9 ventricle ; vc 9 vena cava inferior ; w 9 row of small valves ; w 9 dotted line 
indicating course of venous blood from the shallow sinus venosus, through the atrium (C) into 
the ventricle on the right of the plug (B). In C the dotted lines ld 9 rd 9 and vc pass into the sinus 
venosus ; the lines x and y into the cavity of the atrium opening widely into the sinus ; the line pv 
passes down the pulmonary vein to enter the ventricle on the left of the plug (z in B). (From 
Goodrich, Vert. Craniata, 1909.) ' ' 


divide its lumen into three paired channels : two ventral leading to adult 
arches i and 2, and one dorsal leading to arches 3 and 4 on each side. 

There is, then, a very striking resemblance in the structure of the 
heart and truncus of the Dipnoi and Amphibia, which cannot be put 
down entirely to convergence, and clearly points to the development of 
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a similar structure in their common ancestor when still at an aquatic 
and fish-like stage. Nevertheless, to some extent the resemblance may 
be due to convergence ; for Ceratodus, the most primitive of living 
Dipnoi, has a less specialised heart than Lepidosircn or Protopterus. 
For instance, in Ceratodus the valves of the conus are more numerous, 
regular, and less fused into ridges ; they are more like the valves of the 
Selachian conus. There are anteriorly four longitudinal rows of valves, 
of which the first tier is enlarged, and a gap separates the second tier 
from the four posterior tiers of numerous small valves in three of the rows. 
The main right longitudinal row is con¬ 
tinuous and spiral, but its constituent 
six valves are not fused into a ridge. The 
tendency to form longitudinal ridges is 
more pronounced and the interven¬ 
tricular and interauricular septa are 
more developed in the specialised Dip- 
neumones than in Ceratodus. In these 
respects, then, some of the Dipnoi have 
probably advanced beyond the level of 
specialisation reached by the ancestor 
common to them and the Tetrapoda. 

Indeed, although an interventricular 



septum reappears in all Amniota, it is 
very doubtful whether it is a common 
ancestral structure, since it is not found 
in any modern Amphibian. 

The Amniote heart reaches an al¬ 
together higher grade of specialisation 
than the Amphibian. Even in the lower 


Fig. 565 . 

Heart of Cyclodus boddaertei. From the 
dorsal side. (After Rose.) An, An.s, Inno¬ 
minate arteries; Ao.abd, dorsal aorta; 
D.C.d, D.C.s, precaval veins ; L.v, pul¬ 
monary vein ; P.s, P.d, pulmonary arteries; 
Sp.i, spatiuin intersepto valvulare ; V.C.d 
posterior cardinal; V.j.d, jugular, and V.s.d, 
subclavian vein of the right side; V.c.i, post- 
caval vein. (From Wiedersheim, Comp. 
Anatomy.) 


forms it is more compact, with the auricles carried forwards on to the 
anterior surface of the large conical ventricle, and the reduced sinus 
venosus on to the dorsal surface of the auricles, so that the bases of the 
arterial arches and great veins come nearer together, Figs. 552, 571-2. 
The sinus tends to disappear during development, being flattened and 
more or less merged, as it were, into the wall of the right auricle An 
important advance, usually not sufficiently noticed, is the disappear¬ 
ance of the conus as such in all Amniotes. For the cavity of the bulbus 
cordis becomes subdivided by a longitudinal spiral septum down to 
its base, so that completely separated pulmonary and aortic channels 
are formed with separate openings, provided with semilunar pocket 
valves, into the ventricle (or ventricles). The former channel opens 
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backwards towards the right and the latter towards the left. The wall 
of this region ceases to be contractile, loses its striated musculature, 
and becomes fibrous like that of the large arteries with which it is con¬ 
tinuous. Furthermore, except in some of the smaller and lower Reptiles, 



the whole conus region be¬ 
comes so completely sub¬ 
divided that it is split into 
two separate tubes or 
trunks, of which the pul¬ 
monary trunk passes for¬ 
wards ventrally to the left 
round the aortic trunk, and 
then dorsally to the lungs. 

The development of the 
Amniote heart has been 
much studied; among re¬ 
cent writers one may con¬ 
sult Langer (841-2), Hoch- 
stetter (835-6), Greil (831) 
for Reptiles and other 
Amniotes; Masius (847), 
Greil (831), Fuchs (820) 
for Birds; Lockwood 
(1888), Rose (862), Bom 
(1888-9), Langer (842), 
Tandler, and others for 
Mammals. It may here be 
mentioned that the bulbus 


Fig. 566. 

Heart of a young Crocodilus nilcticus. From the dorsal 
side (after R6se). A.d and A.s, Right and left aortic arches; 
A.tn, mesenteric artery ; L.V.h, R.V.h, left and right atria ; 
S.d, S.s, subclavian arteries ; Tr.cc, common carotid ; V.cc 
coronary vein ; D.C.d, D.C.s, precaval vems ; L.V, pul¬ 
monary vein ; P.s, P.d, pulmonary arteries ; Sp.i, spatium 
intersepto-valvulare ; V.c.i, postcaval vein. (From Wieders- 
heim, Comp. Anatomv.) 


in Mammals, and perhaps 
also in other Amniotes, 
seems to contribute to the 
wall of the definitive right 
ventricle, and that longi¬ 


tudinal endocardial ridges 
(typically four in number) develop in it as in other Craniates. The 
semilunar valves at the base of the large vessels are derived from their 
posterior ends, while the dividing septum mentioned above is first formed 
by the meeting across and fusion of the right and left ridges. This 
septum pulmo-aorticum, then, may be compared to the spiral folds of 
Amphibia and Dipnoi described above. 


Another very important new feature is the formation of a septum 
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more or less completely subdividing the cavity of the ventricle into 
right and left chambers. Already in Amphibia the venous and arterial 



Fig. 567. 

Chelone ntidas. Successive transverse sections throueh ventricle _1 

from behind (posterior view) with dorsal edge above and VTntra ed^.^Lw f ill ? Seen 

Kr^T'5^2 — T“‘? 

SET 


blood-streams are separated so far as the ventricle by an interauricular 

septum, but it is not until the higher Amniota that the separation already 

foreshadowed in Dipnoi is at last accomplished by a similar partition in 
the ventricle. 
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An interesting point of great phylogenetic significance and not usually 
appreciated is that this has been completed along two independent 
divergent lines—the Sauropsidan leading to Birds and the Theropsidan 
leading to Mammals (see further, below, p. 572). 

In Reptiles, though already considerably reduced in size, the sinus is 
usually quite distinct internally, Figs. 565-6. The right ductus Cuvieri 


B C 



Fic. 568. 

Varanus sp. Successive transverse sections through heart, seen from behind. A, Most posterior, 
E, most anterior section. Lettering as in Fig. 567. 


(anterior vena cava dextra) tends to open anteriorly to the vena cava in¬ 
ferior, and the left ductus (ant. vena cava sinistra) passes across to open near 
the latter. A partial septum sinu-venosi may arise from the wall between 
these two openings and that of the right ductus. The well-developed 
valves guarding the sinu-auricular opening into the right auricle are set 
almost transversely, one anterior and one posterior. In the Reptilian 
heart, then, the sinus opens into the larger right auricle and the pulmonary 
vein into the smaller left auricle, and these two cavities are separated 
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by an interauricular septum always complete in the adult, but pierced 

by secondary temporary perforations in the embryo which are closed 

when pulmonary respiration is established (such perforation also occurs 
in Birds and Mammals). 

Along the free edge of this interauricular septum crossing the atrio¬ 
ventricular opening are attached two membranous valves projecting into 



Fig. 569. 


E, Portion of 
Other letters 


the ventricular cavity ; the opening is thus subdivided into separate right 
and left aur.culo-ventricular apertures, Fig. 57 o. In ontogeny the valves 
are derived from a posterior (dorsal) and an anterior (ventral) endocardial 
cushion (doubtless representing the valves of lower forms), which meet 
and fuse along the free edge of the septum. Into the cavity of the ventricle 
projects in all Reptiles an interventricular septum, complete only in Croco- 
1 ia Fig. 587. Leaving for the present the Crocodilia to be dealt with 
later- (p . 563), the second ,mportant new feature we meet in the reptilian 
heart is this incomplete interventricular muscular septum, essen- 
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tially median and posterior in origin, and tending to divide the cavity into 
right and left chambers (cavum venosum and cavum arteriosum respect¬ 
ively). It is formed from ingrowing muscular trabeculae. Posteriorly, 
towards the apex of the ventricle, the septum is complete and dorso- 
ventral; farther forwards, where it is incomplete, its ventral base of 
attachment (following the external sulcus interventricularis) shifts to the 
left and becomes continuous with the inpushing due to the bulbo-auricular 
groove. Thus anteriorly, where the septum reaches near the base of 
the arterial trunks, it extends almost horizontally with its free edge to 
the right and joins the ventral endocardial cushion. In this region the 
cavum arteriosum opens over the edge of the septum freely into the 
cavum venosum, which is prolonged forwards and to the left into 
the ventral cavum pulmonale leading to the opening of the pulmonary 
trunk (see below). The cavum arteriosum (left ventricular cavity) leads 
antero-dorsally to the septum towards the opening of the right carotico- 
systemic trunk, while the opening of the left systemic trunk is situated 
almost opposite the free edge of the septum. Both auriculo-ventricular 
apertures are dorsal to the septum. From the left auricular opening a 
stream of blood passes back into the cavum arteriosum, and from the 
right auricular opening into the cavum venosum. On contraction of 
the ventricle the venous blood passes into the pulmonary trunk from the 
cavum pulmonale, mixed blood into the left systemic trunk, and the 
purest arterial blood into the right carotico-systemic trunk whose opening 
is a little farther forward. The position of the opening into the left 
systemic trunk varies a little in different forms, being nearer the opening 
of the right trunk in Ophidia, and of the pulmonary trunk in Chelonia ; 
but the general disposition of the three openings is remarkably constant 
throughout the Reptilia, Figs. 547-70. 

For it is one of the most characteristic and important features of the 
heart of all living Reptilia that the cavity of the bulbus cordis becomes 
subdivided into three separate channels (p. 525), Fig. 571 b. Not 
only does the main septum pulmo-aorticum grow back to close off the 
pulmonary trunk (as in all Amniotes), but the remaining trunk is also 
subdivided by a longitudinal spiral aortic septum into two aortic trunks : 
one, the carotico-systemic trunk, coming from the left side of the ventricle 
passes to the right, gives off the carotid arteries, and continues as the 
right systemic arch ; while the other, coming from the right side of the 
ventricle, passes over to the left, and is continued as the left systemic 
arch. A pair of semilunar pocket valves protects the openings of each 
of the three trunks. 

An important point to notice in the arterial system of all Reptilia 
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(and also of Birds), related to the structure of the heart just described, 
is that the right and left carotid arches come off from the same trunk as 
the right systemic arch, that is, from the trunk which receives the purest 
blood from the left side of the ventricle. 1 


The way in which the lumen of the truncus and bulbus cordis becomes 
subdivided during ontogeny in Reptiles and Birds must now be explained 
(Langer, 841-2 ; Hochstetter, 836 ; Greil, 831 ; Kerr, 840). As in Dipnoi 



Fig. 570. 

Diagrams of ventricle of Reptilian heart (not Crocodilian). A, Cut transversely and seen from 
behind ; position of interauricular septum is indicated by dotted lines. B, Cut transversely and seen 
from in front. Lettering as in Fig. 567. 


and Amphibia, the lumen of the truncus becomes divided into dorsal 
pulmonary and ventral carotico-systemic channels by the backward growth 
of the wall between the bases of the fourth and sixth primary arches, 

57 1 - rhis horizontal septum joins the anterior ends of the right 
and left anterior endocardial ridges of the bulbus. Four such ridges develop 
in the anterior region of the spirally twisted bulbus cordis, and two 
approximately dorsal and ventral ridges in the posterior region. 2 The 
right anterior ridge is the largest and fuses across with the left, thus 

The roots or base of the subclavian arteries to the fore-limbs arise from 
a pair of segmental arteries, and primitively branch off from the dorsal aorta. 
Owing to the secondary extension backwards of the bifurcation of the two 
aortic stems, the subclavians may, as in Lizards, arise from the right aortic 
arch. A significant fact is that in C helonia, Crocodilia, and Aves these 
primary subclavians are replaced in ontogeny by secondary subclavian 

arteries coming from the carotid arches, and whose roots have arisen from 
more anterior segmental arteries. 

2 It will be understood (see pp. 338, 550) that these longitudinal ridges 
represent originally continuous ridges or rows of valves, extending along the 
whole bulbar region, and perhaps even as ridges into the ventricle. 
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continuing backwards the subdivision into pulmonary and carotico- 
systemic channels ; and this aortico-pulmonary septum is completed 
spirally behind by the junction of the right anterior bulbar ridge with 



Fig. 571. 

Diagrams illustrating the spiral subdivision of Bulbus cordis in Dipnoi, Amphibia, Reptilia, Aves, 
and Mammalia : ventral view ; transverse sections drawn at successive levels showing disposition of 
endocardial ridges and septa derived from them ; spiral lines indicate their attachment to wall along 
which tube becomes subdivided in higher forms (solid lines ventrally become broken lines when 
passing dorsally to bulbus). A, Primitive disposition of ridges in embryo Amniote and retained in 
adult Dipnoan and Amphibian ; B, oblique view of three trunks formed in Reptile ; C, ridges and 
septa in Reptile (in Bird ridges 3 and 4 come together and obliterate Ls) ; D, Mammal. Most anterior 
section shows A, arterial, and V, venous channels separated by horizontal septum, hs, in truncus ; 
A leads to left side of ventricle (CA, cavum arteriosum), V leads to right side (CV, cavum venosum). 
ri 2, 3, 4, endocardial ridges of spiral bulbus (conus); a 1 * 4 , adult arterial arches, venous channel leads 
to a 4 , arterial channel to a 1 .*; c, carotid trunk; ca, carotid arch (a 1 ); cp, cavum pulmonale; 
p, rp, left and right pulmonary arch (a 4 ) ; Is, Ls, left, rs, Rs, right systemic arch (a») ; p, pulmonary 
trunk ; rsc, right subclavian (base of rs) ; S, interventricular septum ; vt and vt * sections across 
anterior end of ventricle. 


the ventral posterior and the left anterior ridge with the dorsal posterior, 
these two posterior ridges also fusing across. 1 The pulmonary channel 
now opens into the ventricle (cavum pulmonale) ventrally towards the 

1 The two posterior ridges are doubtless the hinder portions of the right 
and left anterior ridges, the originally continuous ridges having been interrupted 
(see p. 550). 
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right, and the carotico-systemic opens into the ventricle more dorsally. 
The further subdivision of the carotico-systemic channel in Reptiles into 
left systemic (opening to the right) and right carotico-systemic (opening 
to the left) is brought about by the formation and backward extension 
of a septum aorticum derived from the right and ventral endocardial 



Fig. 572. 

Ulusiratin^ the development of the heart ... the fowl. (After original drawings by Greil ) at 
Atrium ; b.a.f, bulbo-aur.cular fold; c, conus; La, left auricle; l.i, left innominate arterv • lb 
W pulmonary; IV left ventricle; r.a, right auricle; right iuiomilnat” irtew",7 ’rieht 
pulmonary ; r.V, right ventricle ; s.A, systemic aorta. (From Kerr, Embryology, i 9 i«.) P ’ 


ridges of the bulbus. The pairs of pocket valves at the base of each of 
these three channels are derived from the posterior ridges. 

In Birds (Langer, 842 ; Iakahashi, 874) the anterior left and ventral 
ridges appear to have combined, and no subdivision of the carotico- 
systemic channel at the base of the trunk occurs, since the left systemic 
arch is obliterated before these septa are completed. Thus although the 
two systemic arches are present in early stages, the Bird, so far as known, 
does not normally pass through a Crocodilian stage with the left opening 
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independently into the ventricle (this may occur occasionally as an 
abnormality [Bremer]). 

The formation of the longitudinal septa from the bulbar ridges in 
Dipnoi and Tetrapoda is explained in the diagrams here given, Figs. 



cwa 


rpa- 

rvcs 


orvcs 


ovci 


cwv 


Fig. 573. 

Heart of Swan, Cygnus olor ; seen from right side, 
and opened so as to expose cavity of right auricle and 
of right ventricle (an arrow passes through auriculo- 
ventricular opening), ca, Carotid arches; cwa, cut wall 
of right auricle; cwv, cut wall of right ventricle; ias 
intcrauricular septum ; ivs, interventricular septum • 
Isv, left sinu-auricular valve ; Ives, opening of left 
vena cava superior; m, muscular band; nts, muscular 
portion of aunculo-ventricular valve; orvcs, opening 
of right vena cava superior; ovci, opening of vena 
cava inferior; pa, base of pulmonary arch; rpa, right 
pulmonary arch; rsa, right systemic arch ; rsv, right 
sinu-auricular valve ; rvcs, right vena cava superior- 
s, septal portion of auriculo-ventricular valve ; vet, 
vena cava inferior. A11 arrow passes under m into base 
of pulmonary trunk. 


563, 571. Whether their spiral 
course is due to the actual twist¬ 
ing of the heart or merely to 
their kinking and spiral growth 
is doubtful; but if the bulbus 
cordis is twisted to the right 
the more posterior region must 
be twisted to the left, since the 
two extremities are fixed (Kerr, 
840). 

In the majority of modern 
Reptilia, the attempt, so to 
speak, to separate the arterial 
from the venous stream is only 
partially carried out in the 
heart itself, and in the peri¬ 
pheral arteries mixed blood is 
again brought into the circu¬ 
lation by the opening of the 
left systemic arch into the 
dorsal aorta. Along the Saurop- 
sidan phyletic line only the 
Birds have succeeded in com¬ 
pletely separating the two 
streams. For in these warm¬ 
blooded Amniotes not only is 
the arterial blood of the left 
ventricle completely shut off 
from the venous blood of the 


right ventricle by the com¬ 
pletion of the interventricular septum, but the now useless, or actually 
harmful, left systemic arch is entirely suppressed, Figs. 572-3. 

In the avian heart the sinus venosus is so much reduced and sub¬ 
divided that the great veins appear to open separately into the right 
auricle (Rose, 862; Kern, 839). The two sinu-auricular valves may be 
much modified. The pulmonary veins may also open separately into the 
left auricle. The ventricles become very unequally developed, the wall of 
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the left being thicker and more muscular than that of the right which 
partially surrounds it. The left auriculo-ventricular aperture is provided 
with membranous valves surrounding it (usually an outer and an inner or 
septal valve). The valve guarding the right auriculo-ventricular aperture 
is very characteristic. Instead of the membranous valve attached to the 
interauricular septum found in Reptiles, there is in Birds a large, almost 
entirely muscular valve attached round the ventral edge of the aperture 
and to the outer wall of the right ventricle, and stretching far into the 
ventricular cavity ; it appears to be almost entirely developed from the 
ventricular muscle, and is held ventrally by a stout muscular bridge to 
the outer wall; the reptilian ‘ septal ’ valve seems to be represented by 
at most a membranous vestige passing round to the inner or medial 
wall of the ventricle. The only trunk issuing from the right ventricle is 
the pulmonary, whose opening is provided with three semilunar valves. 
The only trunk issuing from the left ventricle is the carotico-systemic, 
also having three semilunar valves at its base ; this trunk passes dorsally 
to the right over the pulmonary, and splits into the carotid arteries and 
right systemic arch. Thus in the adult Bird the pulmonary and systemic 
circulations are completely separated, Figs. 573-9. The resemblances of 
the ‘ four-chambered ’ avian heart to that of the mammal are superficial 
and misleading, and the clue to its structure and origin must be sought in 
the crocodilian heart (Beddard and Mitchell, 808; Greil, 831; Good- 
rich, 517, 826). For in the Crocodilia also the interventricular septum has 
been completed to separate the cavity of a left ventricle with powerful 
muscular walls from that of a weaker right ventricle, in such a way that 
the pulmonary and left systemic trunks receive all the venous blood and 
the right carotico-systemic trunk all the arterial blood. As in other 
Reptiles the aortic trunks cross at their base, and the interventricular 
septum is finally completed by fusing with the wall formed between them ; 
so that the right trunk opens into the left cavity, and the left trunk 
together with the pulmonary into the right cavity. A comparison of the 
avian and crocodilian hearts shows that they are built on the same plan, 
agree in almost every detail, except that the crocodilian is more primitive 
and preserves the left systemic arch and trunk. Near the base of the 
systemic trunks, just anterior to the semilunar valves, there is in the 
Crocodilia a small foramen (foramen of Panizza) allowing blood to pass 
from one arch to the other, and perhaps serving to equalise the 
pressure within them. 1 The muscular valve, at the right auriculo- 

1 According to Greil this is a secondary perforation formed late in 

development It would seem more probable, however, that it is a remnant 
01 the original communication. 
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Fig. 574. 

Transverse section through the ventricles 
of Grus cinerea. S, septum ventriculorum ; 
\'d, right, and I'g, left ventricle. 


ventricular aperture, so characteristic cf Birds, is already developed in 
Crocodilia, which also preserve a considerable portion of the mem¬ 
branous septal valve, Figs. 580-82, 

587- 

Exactly how the interventricular 
septum becomes completed in Birds 
has been studied by Lindes (1865), 

Masius (847), Hochstetter (835), Lillie 
(845), and more recently by Takahashi 
(874). In the embryonic heart, by 
the time the endocardial cushions 
have fused to divide the right from 
the left auriculo-ventricular apertures, 

the interventricular septum has reached the dorsal cushion above and 
the ventral cushion below ; but the cavum arteriosum still freely com¬ 
municates in front of the free edge 
of the septum with the cavum veno- 
sum on the right. This portion of 
the ventricular cavity now appears 
as a narrow' passage running in a 
groove below the united cushions, 
Fig. 577. The interventricular sep¬ 
tum next grows on to the endo¬ 
cardial rudiment of the right septal 
valve, and joining the septum aorti- 
cum of the bulbus finally closes the 
communication completing the wall 
between the arterial and venous 
streams, Fig. 578. The morphology 
of this wall is better understood 
by studying its development in the 
Crocodilia. Here the right septal 
valve is well developed, and its free 
membranous edge remains in the 
adult projecting into the right ven¬ 
tricle attached to the interventricular 
septum, Fig. 582 ; its base, however, 
is involved in the completion of the 
septum. The closing of the venous from the arterial channel takes place 
by the centripetal growth inwards of the edge of the interventricular 
septum from behind and above, the septum aorticum (between the right 


I 7 ig. 575. 

Reconstruction of heart of chick cnihrvo of 
5 7 mm. head-length, seen from right side. 
Part of wall of right auricle is cut away. (After 
Masius, from F. R. Lillie, Devclt. Chick. 1919.) 
H.Co, Bulbus cordis ; I).C, duct of Cuvier ; 

E.C.d, v, dorsal and ventral endothelial 
cushions ; O.S.v, opening of sinus venosus into 
right auricle ; 0.1, passage below interauricular 
septum ; 0.2, secondary ostia in interauricular 
septum. 
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and left systemic trunks) from in front, and the endocardial rudiment 
of the right septal valve, which all combine to complete the spiral 
partition, Figs. 580-81. The more or less complete disappearance of the 
right septal valve in Birds is probably related to its sharing in the 
formation of this partition. 

The history of these atrio-ventricular valves may be briefly given 
as follows. In the Amphibia the dorsal and ventral endocardial cushions 
spread round the single atrio-ventricular aperture and give rise to two 
main dorsal and ventral valves, and two smaller right and left valves 



Fig. 576. 


1 in! 0n n U1 °* heart of chick embryo of 9 mm. head-length. 

e, Uevelt. Chick, 1919). E.C, Median endothelial cushion; l.E 
o./ur, septum altriorum ; S.l / , septum ventriculorum. 


After Hochstetter (from F. R. 
.C, lateral endothelial cushion ; 


55 8 - In the Amniota the cushions meet and fuse across with each 
other and the free edge of the interauricular septum, thus dividing the 
aperture into right (venous) and left (arterial) openings. The dorso- 
ventral endocardial ridge thus formed gives rise to a ‘ septal ’ valve on 
either side in all Reptilia, Fig. 570. But in the Crocodilia, although 
similar septal valves are developed, the endocardial cushion on the 
left also spreads round the auriculo-ventricular aperture and forms an 
opposing valve attached to the outer wall of the left ventricle ; while 
at the right auriculo-ventricular opening the right septal valve is supple¬ 
mented by a muscular valve from the outer wall of the ventricle. The 

atrio ventricular valves of Birds resemble those of Crocodiles, but are 
more specialised. 

The Mammalia also have succeeded in separating the venous from the 
arterial circulation, but in a different way. In the mammalian heart 
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the sinus is more completely suppressed than in other Amniotes, 1 its 
remains being incorporated in development into the wall of the right 



Fig. 576a. 

Transverse section of trunk of embryo duck of 7 days, Anas platyrhyncha, showing heart cut 
through auric ulo-ventricular openings and seen from in front, da. Dorsal aorta : cc, endocardial 
cushion, and tvs, incomplete interventricular septum, with interventricular passage still widely open 
between ; la, ra left and right auricles ; llg, left lung ; lp C , left cardinal vein ; Iv, rv, left and right 
ventricles ; tnf , lip of Mullerian funnel ; msn t mesonephros ; fnv, muscular valve attached bv strand 
to septum (arrow passes behind ; nt, notoc hord ; pc, pericardial cavity ; pic, pleural cavity : pv, pul¬ 
monary vein ; scl, primitive subclavian ; sv, sinus venosus ; vg, branch of vagus. 


auricle, and the three great veins coming to open directly into the auri¬ 
cular cavity. The sinu-auricular valves, still fairly well shown in the Mono- 
tremata, are much reduced and modified in Ditremata. On the dorsal 

1 I his suppression of the no longer necessary sinus venosus seems to have 
occurred to some extent independently in various groups, and the relative 
position of the venous apertures, as well as the modification of the valves, 
varies much in different forms (Rose). That portion of the auricular wall 
derived from the sinus is smoother and less muscular than the rest. 
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wall of the auricle opens the right vena cava superior, near the middle 
the vena cava inferior, and more posteriorly and to the left the left 


ias 



Fig. 577. 

Embryo duck, Anas : Posterior portion of ventricles of heart shown in Fig. 576 seen from behind 

Upper arrow passes into base of right systemic trunk, K ; lower arrow into base of pulmonary trunk P 

fa, n- Cavum artenosum and cavum venosum ; lav, rav, left and right auriculo-ventricular open- 

mgs ; U, re, left and right endocardial rudiments of septal valves ; p, dotted line shows position farther 

lorward of pulmonary opening, and s position of systemic opening. Interventricular passage still 
widely open. * 




Fig. 578. 

inJ,? nt f lcles , of heart of Passer shown in Fig. 579, cut farther forward. Vestige of closure of 

in oTutiv t P rnn^ ge o a ,K d0t i U M ^ *■ ,- ;pP ° r in , to , base o{ right systemic trunk, lower arrow 

10 pulmonary trunk. Other letters as in I-ig. 579 - (Partly from wax model made by G. K. de Beer.) 


v. c. superior. 1 The right sinu-auricular valve extends along the right 
edge of the openings, and remains as a rule in the adult as a Eus¬ 
tachian valve protecting the opening of the v. c. inferior, and Thebesian 

In many mammals (Edentate, Carnivora, Primates) the left vena cava 
superior disappears after the formation of anastomosis carrying the venous 
ood from the left side into the right v. c. superior. 
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valve protecting the openings of the left v..c. sup. and coronary sinus. 



Fig. 579. 

Heart of embryo Passer domcsticus, cut transversely through auriculo-ventricular openings, lav, 

S Fta S 11 “™ 1 nt y aftC i r C0m P let,0 , n of ' r ? terventricular se P tum > ivs ; seen from behind 
(cp. Fig. 577). tas, Interauncular septum (pierced) ; mv, right muscular valve. Other letters as 
in previous figures. (Partly from wax model by G. R. de Beer.) 



Fig. 580. 

Caiman scltrops. Successive transverse sections through the heart, seen from behind : A, Most 
posterior; C, most anterior, s, Interventricular septum ; sv, sinus venosus ; sav, sinu-auricular valve. 
Other letters as in Figs. 568-9. 
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The pulmonary veins come to open separately into the left auricle, owing 
to the absorption of their common stem into its wall, Fig. 583. 

In development the first formed interauricular septum fuses with the 
dorsal and ventral endocardial cushions which join across, dividing the 



r ninBs •• 

rt-Kum of left ventricular cavity ; cv, cavum venosura, anterior region of' right lentiS^ rf> 10r 

Tiv i„ ar * nt «;^ < I ‘tric ular septum ; L, arrow into base of left systemic trunk E r , c avj t y ; 

right auricles (wall partially cut away ; lv rv cut wall of left irw) H.mV , n , ’ la, ra, left and 

cava anterior ; P, lirrow into base of 'pulmonary tn k nC,eS , ; .^ left vena 

over free edge of septum ; R, arrow into base of right svsiemic trunk rl passage 

right valve guarding auriculo-ventricular opening sa sinu-auricul ir nnrnSlL* pta ! va,ve I rva < 
Lndocardial cushions dotted. V b ’ ’ auricular opening; sv, sinus venosus. 


ventricular aperture into right and left atrio-ventricular openings This 
septum becomes perforated (foramen ovale) in the embryo (as in Reptiles 
and Birds and is later completed by a second septal fold in combination 
with the left sinu-auncular valve. The cushions grow round the two 
openings to form the auricular ventricular valves (three tricuspid valves 
on the right, and two mitral valves on the left)T Meanwhile a longitudinal 

the cords is replaced by connective tissue. In 
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Fig. 582. 

Ventricles of heart of Crocodilus shown in Fig. 581, cut farther forward in A and still farther forward 
in B. A pin is shown in A, through interventricular passage which is fully opened up in B. s. Thin 
fold which will by growing forward to right finally separate cavum arteriosum from cavum venosum : 
rav, right auriculo-ventncular opening. Other letters as in Fig. 581. 

the Monotreme Ornithorhynchus, however, a considerable amount of muscle 
remains in the outer flap of the tricuspid valve, while the inner flaps are small, 
giving it a certain resemblance to the right valves of a bird (Lankester, 

1882-3). 
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muscular interventricular septum grows forwards from the postero- 
dorsal wall of the ventricle to meet and fuse with the endocardial cushions 
between the two auriculo-ventricular apertures. Right and left ventricular 
cavities are thus formed still communicating with each other in front 
near the base of the arterial trunks, Figs. 584-5. 

As usual in Amniotes, the primitive ventral aorta becomes sub¬ 
divided into dorsal pulmonary and ventral aortic (carotico-systemic) 



Foramen ovale 

R. valve of sinus venosus 
Inf. vena. 


valve of 
pulmonary artery 


Septum I 


R. ventricle 


Sup. vena cava 
Septum II 


Fig. 583. 

Lateral dissection of heart of 65 mm. human foetus viewed from right side 
and Arey, Text-book of Embryology, 1917.) 6 


X 12. (From Prentiss 


channels, and this subdivision is carried backwards throughout the bulbus 
cordis by the formation of a spiral septum due to the fusing across of the 
nght and left endocardial ridges. Figs. 57 i, 584, 586. At their junction 
with the ventricle the septum pulmo-aorticum, between the pulmonary 
trunk on the right and aortic on the left, becomes vertical, and fusing 

_ 1 # ^ interventricular 

canal The right ventricle now leads only to the pulmonary trunk, and 

the left only to the carotico-systemic trunk. The division of the whole 

heart into right and left halves is now completed, and the venous 
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pulmonary circulation separated from the arterial systemic circulation 
(except for the mixture in the embryo by means of the temporary fora¬ 
men ovale). It should be noticed that the carotico-systemic vessels are 
at first symmetrical ; from the median trunk come off right and left 
systemic arches (each giving off a subclavian artery), and right and left 
carotid arches. Later, while the left systemic or aortic arch remains 
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Fig. 5830. 


Lateral dissection of heart of 105 mm. human foetus viewed from right side, x 7. (From Prentiss 
and Arey, Text-book of Embryology, 1917.) 


complete and passes into the dorsal aorta, the right is interrupted 
dorsally and posteriorly, ceases to join the aorta, and forms in the adult 
mammal merely the base of the right subclavian. As usual, the pocket 
valves protecting the entrance to the pulmonary and aortic trunks are 
formed from the posterior ends of the endocardial ridges. 

The seldom fully appreciated but nevertheless great significance in 
phylogeny of the structure of the heart may now be pointed out. Since 
all living Reptiles possess the reptilian type of heart, with its quite char- 
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acteristic specialisations, they have in all probability been derived from 
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Fig. 584. 
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a common ancestor in which the reptilian type had been developed. The 
Birds also no doubt came from that same stock, and branched off not 



A 



Valves of sinus vcnosus 


Septum I 

Foramen ovale 


Atrio-ventrkr 
ular canal 
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R. common cardinal vein 



Horizontal sections through chambers of human heart : A, 6 mm. ; B, 9 mm. ; C, 12 mm. (A 
B arc based on figures of Tandler.) x About 50. (From Prentiss and Arcy, Text-book of Embryo¬ 
logy, 19 * 7 -) 


far from the Crocodilia. But the Mammalia must have branched off 
and diverged from a common Amniote ancestor before the Reptilian 
type of specialisation had begun, since, once committed to this line of 
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specialisation, the heart must inevitably evolve in the reptilian and 
crocodilian direction, Fig. 587. Now there is good reason to believe that 
certain extinct forms (Theromorpha) usually included in the Class Reptilia 
are, if not the ancestors of the Mammalia, at least closely allied to 
them. These so-called Reptiles, then, probably possessed a heart of the 
Mammalian type, or at all events capable of giving rise to this type. It 
follows that the Class Reptilia, as commonly understood, is an artificial 
polyphyletic group containing, besides certain primitive Amniotes 
(Cotylosauria), two distinct diverging branches : one leading to modern 
Reptilia and eventually also to Birds, and the other leading to Mammalia. 
These forms may be called the Sauropsidan and Theropsidan Reptiles 
respectively (Goodrich, 517). While the Reptilia Theropsida are all 


Aorta 
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Fig. <;86 . 
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lowing division of bulbus cordis and its thickenings into aorta anc 
endothelial ridges' ( ^ Arey ’ TeXt ' book of Embryology, 1917). 


pulmonary artery 
a, b, c, d, Anterior 


extinct, the Reptilia Sauropsida 1 include all the modern Reptiles and 

many extinct ones. This conclusion is amply confirmed by evidence 

derived not only from the skeleton, but also from other parts, such as the 
lungs, coelomic septa, and brain. 

Summary.—We may now briefly recapitulate the probable history of the 
heart. It developed from the median ventral vessel, immediately behind 
the gills and in front of the liver, as a muscular enlargement to pump the 
venous blood through the gills. It became subdivided into chambers (sinus 
venosus,atrium, ventricle, conus) which contract consecutively from behind 
forwards, and are separated by valves ensuring the flow of blood forwards. 

odged in the pericardial coelom, the heart acquired an S-shaped bend 
from such a primitive condition the heart of Cyclostomes diverged with 
marked specialisations. In Pisces longitudinal rows of valves developed 
m the anterior chamber or bulbus cordis, from which is formed the conus 


as weM h a C s Birds S ?s 1 h° P PSida 'H 0riginalIy b> ' HuxIey t0 include a11 Reptiles 
as Kirds > 1S here used in a restricted sense. 
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Fig. 587. 

Diaprams of heart and aortic arches in 1 n - 

Lacertilia, Ophidia, Rhynchocephalia), C- an<] .<>!»,«hi"’ iV a * Ia mmal, B ! a Keptile (Chclonia, 

untwisted so as to bring chambers into a single nl .no with ' cntral v,ow of heart represented as 

H, Iransverse sec tion of region of hulbus cordis**- 7 ', r ,h Slm,s Venosus behind and ventricle in front. 
asc. Anterior subclavian; d, ductus Hot ill. • ' /^ t nsVot ^ c sectlon of rc K' 0 » of truncus arteriosus, 

auricle ; Isa, left systemic arch ; lv, left ventricle ’• a S carot,d : ,f - "denial carotid ; la, left 

remaining open only in Sphenodon and some FacertiliA L SucU^Jt^P' 1 P ° rtJ -°P of ,atc r al a °T ta 
interauncular septum ; sfiv, interventricular septum • se si,ms ve,t T S ; n ? ht aunc,c: spa ’ 
superior ; vci, vena cava inferior. Arrows from sinus venLus 1 ?’ VCf ! tnr,c : 'f na cava 

blood; arrows with dotted line from left auricles indicatesS?L!' st « a,, » of "S 
scries of six embryonic aortic arches. (Goodrich, 1916, modified.) rt(f,<l h,cxxJ - 1 '°> ° r,elnal 
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This conus became replaced in the higher Teleostomes by a non-contractile 
bulbus arteriosus. In Dipnoi and Amphibia the lumen of the heart 
began to be subdivided longitudinally into right venous and left arterial 
channels by means of longitudinal ridges and septa ; and the bulbus 
cordis became spirally twisted. The subdivision was further carried out 
in the Ammota where the atrio-ventricular opening is divided into two 
by the junction across of the endocardial cushions and interauricular 
septum ; the interventricular septum (absent in modern Amphibia) 
becomes definite, and the lumen of the bulbus cordis is completely divided 
into pulmonary and carotico-systemic channels. But the further com¬ 
pletion of the interventricular septum and separation of the venous and 
arterial streams was carried out independently along two diverging 
phyletic lines, the one leading through the Theropsidan Reptiles to 
Mammalia, and the other through the Sauropsidan Reptiles to Birds. 
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THE AIR-BLADDER O F PISCES 

are r\rc\ vi 6 j " a l ^ ^ ein ^ air_bre athing vertebrates in the adult condition 
comm V1 ‘ C f- WU • ’ essentiaI, y a bilobed outgrowth of the pharynx 

commun'catmg wuh Jt by a median ventral . ^ ^ 

Innl, T F , “ T the Ur0deIa > Where some species have lost the 
have Ion °° ° r j u ° ri ^ n of tbe ^ un g s in the lower forms, anatomists 

Owen hi consldered t he m to be represented by the air-bladder of fishes. 

thlfr homl ng J , the African ‘ W-fish ’ Prolopterus, maintained 

no means V’ ^ ^ SmC6 be6n g enerally adopted. But as it is by 

homoZus 8 tHe Vari ° US kl ' ndS ° f air “hladder found in fishes are 

exnlainfd th t ^ ° f the bladder itself » not yet fully 

It- ’ e w ole question remains even at the present time undecided. 

It is not so Simple as appeared at first sight. 

rarfof 6 ? 4 M dd Ftain TeleOStS in which it has obviously been lost, some 

n f ? ,r StS m a “ thC ° ste ’ c hthyes, and distinguishes this 
g o p from the other and lower fishes in which it is absent. For the 

sugg stion by Mik.ucho-Maclay that it is represented in Selachians by a 

mall oesophageal diverticulum has not been borne out by later work 

(Mayer, 8 S o). Perhaps the most primitive air-bladder is seen in Poly- 
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plerus (Geoffrey Saint-Hilaire, 1825 ; Kerr, 840), where a bilobed sac, 
with a short left and a long right lobe, opens on the floor of the 
pharynx just behind the gill-slits, through a muscular vestibule leading 
to a glottis slightly to the right of the median line, Figs. 588 b, 592 a. 
The Dipnoi are provided with a very similar muscular vestibule 


opening into the oesophagus slightly to the right of the mid-ventral line, 

and protected by an epiglottis-like fold strengthened by connective 
tissue (Parker, 854; _ 

Goppert, 902). While - rL 

in Polypterus the air- —.. ^ 

bladder lies \entrally 'jn i ii | nummu-. 1 uumnnwAx'.w’.wpvnwwwAviU'A\\vuu g t»111n 1 


etc. 

liAlunm- 1 "'.nu'i'vA.v.y. . 


to the oesophagus for 
the most part, and only 
the elongated right lobe q 
takes up a position be 
hind in the mesentery 
dorsal to the gut, in 
the Dipnoi it lies en- ^ 
tirely dorsal to the 
alimentary canal in the 
mesentery, between it 
and the dorsal aorta, g 
It is single in Ccratodus 
but bilobed in Proto- 



pterus and Lepidosiren , 
and communicates with 
the vestibule by means 
of a narrow pneumatic 
duct passing round the 
right side of the oeso¬ 
phagus, 1 Figs. 588 c, 

59D 59 2 B- 



no. 


• . Dla A far p illustrating the lung in fishes ; as seen from the left 

"■ w ‘ **^ 7j - 


In the remainder of the Osteichthyes, that is to say in all the 
Actinopterygii, the air-bladder is essentially a median dorsal diverticulum 
of the alimentary canal lying between it and the dorsal aorta, and outside 
the coelom (retroperitoneal). It usually opens into the oesophagus by a 
ductus pneumaticus, originally described by Needham in 1667. This 


Wiedershe.m (946) has suggested that there were originally two larynges ■ 

and pTt l Lep,dosleus ^ and ° n e ventral and median (Dipnoi 

and Polypterus). But there is little to support this view, partly based on 

erroneous observations, and it has not been accepted. * 






c. 


Fig. 589. 

Development of the air-bladder of a Teleost. (After Moser, 1904.) A, Rhodens, 5 mm., longitudinal 
section ; B, Khodeus, 6 mm. longitudinal section ; C, Rhodcus , 7 mm., transverse section, Rowing 
small pouch-hke outgrowth of pneumatic duct, end, Endoderm ; ent, enteric cavity ; l, air-bladder , 
/», liver ; A, notochord ; nc, pronephric chamber ; p.d, pneumatic duct : y, yolk. (From Kerr, 
Embryology , 1919.) ’ 
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ductus passes down the mesentery, is short and wide in the lower forms, 
such as Amt a , Lepidosteus, and the Chondrostei, but longer and narrower 
in the Teleostei. In Lepidosteus it is provided with a median dorsal 
muscular vestibule (Wiedersheim, 946). While it usually occurs as an 
open duct in the lower Teleostei, such as the Clupeiformes, Esociformes, 
Anguilhformes, and Cypriniformes, the pneumatic duct may become 
very narrow, reduced to a solid thread, or finally disappear in the more 

specialised groups. Adult Gasterosteiformes, Mugiliformes, Notacanthi- 

formes, and Acanthopterygii, with few exceptions, have no open duct. 

The Teleosts were therefore formerly subdivided into the Physostomi 

with an open duct (J. Muller, 1842) and Physoclisti with a closed bladder 
(Bonaparte), Figs. 588-9, 593. 



Fig. 590. 

•1 ^* r ‘^ a dder of Lebiasina limaculala, opened to show internal cells • R . . , Jf , 

ntloltcus, showing entrance of pneumatic duct, ab, Anterior division •’ c/ riu t h of Ichthyoborus 

?A?» gUS ii pb ‘ pos 5 enor ^vision ; pd, pneumatic duct; sp pyloric end of ° e ' ° eS °' 

(After Rowntree from Goodrich, Vert. Craniaia 1909 ) P P> d * stomach '• St, stomach. 


However, since all these air-bladders develop as diverticula in open 

communication with the alimentary canal (Rathke, 182 7; von Baer 1824} 

the duct in later stages becoming more or less completely obliterated 
and since physoclistous forms occur exceptionally among physostomous 
groups and open ducts are retained sometimes in physoclistous groups 
(Berycdae among the Acanthopterygii), this classification has been 
abandoned as of little value. As a rule the pneumatic duct opens in the 
mid-dorsal line in the Act.nopterygii; but in many Teleosts, such as the 
Salmomdae, Silundae, Cyprinodontidae, Percopsidae, Galaxiidae it is 

noddle V 0 the / lgh rl. W “ e . “ the Morm y ri dae, Notopteridae,Gy.n- 
j , ’ yP nnldae > Characmidae, it is rather to the left Fig cqo 

ndeed, in Erythnnus and Macrodon, belonging to the last family,Te 




pd. 



C. 


Fig. 5S9. 

Development of the air-bladder of a Telcost. (After Moser, 1904.) A, Rhodeus, 5 min., longitudinal 
section ; B, Rhodeus, 6 mm., longitudinal section ; C, Rhodeus, 7 mm., transverse section, snowing 
small pouch-like outgrowth of pneumatic duct, end, Endoderm ; ent, enteric cavity ; l, air-bladae , 
/», liver ; A’, notochord ; tie, pronephric chamber ; p.d, pneumatic duct ; y, yolk. (From Kerr, 

Embryology, 19 1 9 -) 
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ductus passes down the mesentery, is short and wide in the lower forms, 

such as Atnia, Lepidosteus, and the Chondrostei, but longer and narrower 

in the Teleostei. In Lepidosteus it is provided with a median dorsal 

muscular vestibule (Wiedersheim, 946). While it usually occurs as an 

open duct in the lower Teleostei, such as the Clupeiformes, Esociformes, 

Anguilhformes, and Cypriniformes, the pneumatic duct may become 

very narrow, reduced to a solid thread, or finally disappear in the more 

specialised groups. Adult Gasterosteiformes, Mugiliformes, Notacanthi- 

ormes, and Acanthopterygii, with few exceptions, have no open duct. 

The Teleosts were therefore formerly subdivided into the Physostomi 

with an open duct (J. Muller, ,842) and Physoclisti with a closed bladder 
(Bonaparte), Figs. 588-9, 593. 



IMG. 590. 


££££? &E5& d°M, interior 6 division 5 -’ » 

ghagus , pb, posterior division ; pd, pneumatic duct • nvlnnV 'a CC ’t Ce ^ u ar Wa ^ ; oe, oeso- 
(After Rowntree from Goodrich, Vert. Craniata, 1909 ) ’ P ‘ Pylonc end of stomach ; st, stomach. 


However, since all these air-bladders develop as diverticula in open 

the W “ h the allm entary canal (Rathke, 1827; von Baer 1834) 

e duct in later stages becoming more or less completely obliterated’ 
and since physoclistous forms occur exceptionally among physostomous 

(Bervddae ^ T S ° metimes in PhysocLous groups 

( erycdae among the Acanthopterygii), this classification has bem 

abandoned as of little value. As a rule the pneumatic duct opens in the 

Salmonid^e^Silmid^e^Cyprlnodontidae^Vercopsi'd^^Galaxiid^^ as 

n eed, ,n Erythnnus and Macrodon, belonging to the last family,Te 
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duct opens well on the left side of the oesophagus (Sagemehl, 378 ; 
Rowntree, 938). 

It is clear that important differences exist between the various kinds 
of air-bladder found in the Osteichthyes ; but attempts have been made 
to derive them all from some primitive ancestral form. To Boas we owe 
the suggestion that an original single dorsal bladder, opening by a median 
dorsal duct, split into right and left halves, which separated, passed down 
each side of the gut, and reunited ventrally ; finally opening by a median 
ventral glottis as in Polypterus. There is little, however, to support 
this view. More plausible is the theory of Sagemehl, according to which, 
on the contrary, the bladder was originally ventral and bilobed, and 
shifted round to the right side in the Dipnoi and to the left side in the 
Actinopterygii. Erythrinus , and other fishes in which the duct is on the 
left, would represent intermediate stages in the shifting of the open¬ 
ing. We shall see that neither of these theories is satisfactory, and that 
the best solution of this morphological puzzle seems to be afforded by 
the theory of Spengel (94 1 ) based on Goette’s original suggestion that the 
lungs are derived from a posterior pair of branchial pouches. The union 
of the right and left pouch ventrally would give rise to the condition in 
Polypterus (Dipnoi and Tetrapoda), while their more complete fusion 

dorsally would yield the single bladder of A mi a and the other 
Actinopterygii, Figs. 588, 592. 

Concerning the original position of the dorsal opening the evidence of 
embryology is .ambiguous, as the bladder appears to arise sometimes on 
the right ( Anna , Piper, 930 ; Acipenser, Ballantyne, 886 ; Cyprinoids, 
Salmomds, Moser, 922), sometimes on the left (Lophobranchs, Weber, 
86). These appearances are, however, probably deceptive, and due to 
differential growth and secondary torsions which are known to occur in 
the later stages of development. Recently Makuschok has contended, 
probably rightly, that the dorsal air-bladder always first arises as a 
diverticulum in the middle line, and that its apparent development on 
the right side is due to the bending over to the left of the mesentery and 
gut as it rises off the yolk-sac (919). Of a double origin the embryo 
shows no distinct trace in Actinopterygians, though Ballantyne has 
brought foiward some evidence of a bifurcation of the rudiment in 
the embryo. According to her it is the original right lobe which has 
moved round to a dorsal position, the left disappearing (886). 1 It must 


It has been suggested that the preponderance of the right lobe and re¬ 
duction of the left is due in large measure to the position of the stomach. 

Supposed vestiges of the left lobe have been described in Amia and Acipenser 
by Ballantyne (886). 
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be confessed that no convincing intermediate steps between the single 
dorsal bladder and the paired pouches which are supposed to have given 
rise to it have yet been discovered (see, however, Polypterus below). 
The problem remains unsolved ; nevertheless, Spengel’s theory seems 
to be the most promising. 

The blood-supply affords important evidence. It is a remarkable 
fact that in Polypterus and the Dipnoi the blood is supplied to the air- 
bladder by paired afferent pulmonary arteries coming from the last 



bladder 6 and its H^-supp^ln^oto^ S^hSctio dU f P f' the bilobed air * 

aorta ; U, left lobe of air-bladder ; lp a , left puErv a Srv 1 n, " ° f aort, . c arcbes to dorsal 
of air-bladder; r P a, right pulmonary artery. (From Goodrich^ V£/. Crin°Jta7i 9 ^ 

(fourth) arterial arch, the sixth of the embryonic series. Paired efferent 
veins return the blood to the hepatic veins near the sinus venosus in 
Polypterus, and directly to the heart in the Dipnoi, where they join to 
a single pulmonary vein entering on the left side (p. 55 o) Thus the 
structure of Polypterus is consistent with the theory of Boas, but not with 
at of Sagemehl.. On the other hand, that the bladder of the Dipnoi 
as originally ventral is proved not only by the course of the left pul¬ 
monary vessels, which pass round the oesophagus ventrally together with 
duct to reach the now dorsal bladder, but also by the development 
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of the bladder itself. Figs. S9 i- 2 . It arises ventrally and grows round 
in later stages, so that the original right edge comes to lie on the left 
(Neumayer, 926 ; Kerr, 914). 1 The fact that the large right lobe of the 
air-bladder of Polypterus has already come to occupy a dorsal position 
posteriorly (Kerr, 840) would seem further to support Sagemehl’s inter- 



Fig. 592. 

Diagrams 1X3 V h , e blood-supply of the air-bladder in A, Polypterus, B, Ceratodus, C, A muz, 
? ie | eost - The blood-vessels are seen from behind, and cut short in transverse section. 
J ^ rSal a °j ’ dorsal artery from the coeliac ; aav, ant. ventral artery; ab, air- 

bladder ; avd, antenor dorsal vein to the cardinal; ba •, 4 th aortic arch (6th of the series); 
cv, coeliac artery; d, ductus Cuvieri ; la, left pulmonary artery ; oe, oesophagus ; pr, portal vein 
receiving posterior vem from air-bladder; ra, right 4 pulmonary * artery; rpv, right (branch of) 

l^ert^^Cr^nuzta ^909 ) ^ VC ^ n ^ rom ^-bladder; v, left ‘pulmonary' vem. (From Goodrich, 

pretation. For it would only be necessary for the left lobe to disappear 
and for the glottis to shift on to the dorsal side with the shortening duct 

1 The monopneumonous condition of Ceratodus is probably due to the 
suppression of the original left lobe. A small vestige of this lobe has been 
described in the embryo; it soon merges ventrally with the ductus (Gregg 
Wilson, 1901 ; Neumayer, 926; Ballantyne, 886). 

But if this vestige has been rightly identified, it is not clear why the left 
pulmonary artery should pass round to the dorsal lung. 
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to complete the Actinopterygian structure ; the shifting would be to the 
right, however, instead of the left side. But we now meet with a serious 
and perhaps fatal difficulty in Anna. For here, while the bladder and 
opening of the duct are median and dorsal, the blood-supply is essentially 
bilaterally symmetrical. It is true that the efferent veins join and enter 
the left ductus Cuvieri; but Anna alone among the Actinopterygii has 
its bladder supplied by a right and left pulmonary artery from the last 
pair of arterial arches. There can, therefore, apparently have been no 
shifting of the bladder either to the right or the left, Fig. 592 c. 

In all other Actinopterygii the air-bladder receives its blood from 
the dorsal aorta or its branches. Concerning the possibility of a change 
of arterial supply from branchial aortic arch to dorsal aorta or coeliac 
artery, interesting evidence may be derived from the development of 
Gymnarchus. Whereas in early stages the air-bladder receives blood 
from the posterior aortic arches on the left and the combined arches 
and coeliac on the right side, in later stages the coeliac and pulmonary 
arise from the aorta (Assheton, 885 ; Ballantyne, 886). 

Important also is the nerve-supply, first studied by Czermack, 1850. 
The dorsal bladder of Actinopterygians appears to be always innervated 
from both the right and left vagus. Must it not, therefore, have pre¬ 
served its original position ? Kerr has shown that in Dipnoi, where the 
left vagus does not pass round ventrally (like the pulmonary artery) but 
dorsally to the oesophagus, and crossing over the right vagus passes to the 
right side of the bladder, this strange condition must be due to secondary 
anastomosis. For in Polypterus also the branch of the left vagus crosses 
over the oesophagus to the large right lobe of the air-bladder; although, 
of course, in this fish there has certainly been no shifting of the bladder 
from one side to the other. It follows that nerve-supply is no certain 
guide to the phylogenetic history of the air-bladder, but may be re¬ 
adjusted to suit varying adaptations (Kerr, 914). 

About the functions of the Actinopterygian air-bladder there has been 
much controversy ever since Rondelet, in 1554, maintained that it helps 
the fish to swun. More than a century later Needham (1667) discussed 

P osslblllt y of ^s serving as a float, a respiratory reservoir of air, or 
an organ secreting gas to help in digestion. Boyle, Mayow, Ray, Borelli, 

and many others in the seventeenth century studied the question experi¬ 
mentally, and the discussion was carried on with much zeal throughout 
e eighteenth and nineteenth centuries. Perrault (1680) and Monro 
(1785) showed that gas is secreted by the red gland in closed bladders ; 
and a few years later Priestley, Fourclay, Brodbelt, Lacepede, and Biot 
analysed the gas and found that the proportion of oxygen varies greatly, 
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and is often greater than in air. Biot found that almost pure oxygen fills 
the bladder of deep-sea fish. Hitherto the bladder had been generally held 
to act as a hydrostatic organ enabling the fish to rise and sink; but in 
1809 Provencal and Humboldt pointed out that a fish can swim well after 
its bladder has been punctured or even removed. Delaroche (1809), and 




Fig. 593. 

Diagram of various types of air-bladder found in Teleostei (from M. Rauther, 1923J. A, Hypo¬ 
thetical ; B, physoclistous with posterior chamber, and C, with oval ; D, Salmonid ; E, Esocid ; F, 
Cyprinoid. ach, Anterior gas-secreting chamber; dp, ductus pneumaticus; oes, oesophagus; ov, 
gas-absorbing oval ; pch, posterior chamber ; rt, rete mirabile related to gas-gland. 


later Moreau (1876), did much to establish the modern view, according to 
which the air-bladder in the Teleostei does not actively cause the fish to rise 
and sink, this rapid vertical motion being brought about by means of the 
fins, but enables it so to alter its specific gravity as to keep it approxi¬ 
mately equal to that of the water at any desired level. By varying the 
amount of gas inside the bladder and adjusting it to the pressure from 
outside, the fish is kept in a state of equilibrium in which it can maintain 
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itself with minimum exertion in a plane of least effort (Hall, 907 ; Tower, 
1902; Baglioni, 1908; Popta, 1910-12; Guyenot, 1909-12). 

Further evidence that the bladder acts thus as an adjustable float is 
afforded by the fact that most of the Teleosts which have lost it are 
bottom-living forms, as for instance the Pleuronectidae. Cunningham 
has made the interesting observation that in Rhombus the bladder is 
present in the free-swimming larva, and it has since been found to occur 
in the young of other Pleuronectids and of Uranoscopus (Ehrenbaum, 
1896 ; Thilo, 1899-1914). 

Some fish with an open pneumatic duct can fill the bladder by 
swallowing air from the surface; but as a rule the gas is secreted 
from the blood, and the duct serves rather as a safety valve to let 



i-ig. 594 . 

Diagram of blood-supply to physoclistous TeUosUan air-bladder • left-side view Vein* 
cardinal ; pv, portal ; rm, rete mirabile. V ' 1 ’ ov> oval « P cv > posterior 


out excess. The fact that oxygen can be much more easily secreted 
and absorbed than nitrogen accounts for the presence of oxygen in large 
and very variable proportion. The secretion of gas may take place in 
less specialised forms from the general inner surface of the bladder 
(ventral surface in Cypnmformes, anterior surface in most Clupeiformes) 
or from a special area of the wall (de Beaufort, 887 ; Rauther 93 g) 
There ,s a tendency for the bladder to become differentiated into an 
anterior oxygen-producing and a posterior oxygen-absorbing region, 
further, a special area in the former becomes differentiated for secreting 
gas and is known as the red body (Monro, 1785). This consists of the 

Tk" K,° X . y , gen ' SeCreting C P ithelium and a capillary network on the wall 
of the bladder together forming the gas gland proper, in more or less 

close connexion with a rete mirabile, a wonderfully complex structure of 

venous and arterial capillaries which do not communicate until they reach 
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the gland (J. Muller, 1840-42 ; Quekett. 1842-4; Corning, 896; Woodland, 
949 -So). The more primitive structure, found in physostomous fishes, in 
which the gland is covered with simple flat epithelium, has been named 
(together with its rete mirabile) the red body, while the higher type found 
in physoclistous fishes, in which the gland is covered with thick glandular 



Fig. 595. 

Labrus bergylta, portion of gas-gland, ggl, with vascular supplv. a. Artery: rm, rete mirabile; 
v, vein. 

epithelium thrown into folds or sunk in crypts, is named red gland (Coggi, 
895 ; \ incent and Barnes, 844 ; Xusbaum, 928 ; Reis and Xusbaum, 933 ; 
Haldane. 906 ; \\ oodland, 849 ). The remainder of the anterior chamber 
is lined with thick impermeable tissue, covered internally with simple 
epithelium, Figs. 593-7. } 
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The posterior oxygen-absorbing region, derived apparently from the 
embryonic pneumatic duct itself, in physoclistous fishes is lined by a thin 
epithelium through which oxygen can easily pass to the rich network of 
vessels overlying it (Tracy, 942). 

In still more specialised forms, such 
as Mugil , Balistes, and the Gadidae, 
this posterior region becomes con¬ 
verted into a flattened ‘oval’ which 
can be closed off by a circular fold 
provided with sphincter and dilator 
muscles (Tracy, Woodland, Reis 
and Nusbaum). 

While the red glands are supplied 
from the coeliac artery and return FlG - 596. 

their venous blood to the portal vein, gLt ZZZZJ- 

the absorptive region and ‘ oval ’ blv ’ blood ' vessel : gas-giand. 

receive branches from the dorsal aorta and return their venous blood to 
the posterior cardinals (( orning, 896). Moreover, secretion of oxygen 
would seem to be controlled by the vagus and absorption by the sympa¬ 
thetic (Bohr, 889). Thus can the pressure of oxygen inside even the 

closed air-bladder be deli¬ 
cately regulated, and if 
necessary be made vastly 
superior to its pressure 
outside or in the blood 
by the active participation 
of the glandular cells. 

The air-bladder under¬ 
goes many strange modifi¬ 
cations in the Teleostei. 
It acquires a second open¬ 
ing to the exterior near 
the anus in many Clupeids 
such as the herring, 

t ■ , . , FlG ' 597 ‘ Clupea harengus, Pellona , 

Inner view of roof of air-bladder of Mugil chtlo, showing J • 71 /? * 1 

oval, cm, Circular closing muscles ; fe , folded epithelium & at dine lid (de Beaufort 

ol oxygen-ahsorhing area; m, rim of oval pocket; rm, oo.\ A , . * 

radiating opening muscles. &nd in the horse- 


. -—vww, irutnurus , 

a small open.ng into the right branchial cavity. \ Often the bladder is 
provided wuh lobes and branches, sometimes of great complexity and 
of doubtful function (Gunther, 1880). They sometimes actually push 
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their way into the perilymph cavity of the auditory capsule, Fig. 
598 (Weber, 1820; Parker, 929; Ridewood, 934; de Beaufort, 887; 
Tracy, 943).) In Megalops these diverticula are lodged in bony 
bullae of the pro-otic, in Notopterus they are separated from the 
perilymph by membrane alone, while in Hyodon they plunge into 
the perilymph itself. The diverticula in Clupeidae may pass ventrally 
beyond the labyrinth, and in Mormyridae may be applied to the wall 



Fig. 598. 

Horizontal section of posterior portion of head and anterior end of air-bladder in Pscudophycis 
oachus, one of the Gadidae or Cods (semi-diagrammatic), a, Thickened portion of air-bladder fitting 
into fenestra in posterior wall of auditory capsule ; a.bl, air-bladder; au.cp , outer wall of auditory 
capsule ; au.cp , inner (membranous) wall ; b, hollow offshoots of air-bladder ; cp.str, corpora striata ; 
crb cerebellum ; memb.lab, membranous labyrinth ; olf.l, olfactory bulbs ; olf.p, olfactory peduncles 
(olfactory tracts) ; op, operculum ; opt.l, optic lobes ; vs.gn, vaso-ganglia. (From Parker and Haswell, 
Zoology.) 

of the sacculus. (But by far the most interesting form of connexion 
between the bladder and the ear is that described by Weber in 1820, 
and which occurs in all the Cypriniformes (Ostariophysi), Figs. 599, 600. 
Here the bladder is enabled to communicate pressure to the perilymph 
by means of a series of ossicles ^compared by Weber to the ear ossicles of 
the mammal, but now known to be of quite different origin and to be 
formed by the specialisation of portions of the anterior vertebral segments, 
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as first suggested by Geoffroy Saint-Hilaire, 1824. Accompanying the chain 
of ossicles is a singular modification of the ear itself. The right and 
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left perilymph cavities become 
membranous labyrinths join to 


||aSl;Sj 

o a. z c~B b -2 
■ c c S° 2 t. 52 c 
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continuous below the brain, and the two 
a median canal from which arise and pass 
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backwards two sacculi and a median sinus endolymphaticus. The latter 
is lodged in an extension of the perilymph cavity excavated in the basi- 
occipital. ^The structure of Weber’s apparatus is fairly constant through¬ 
out the Cypriniformes and consists usually of a large malleus connected 
with the front wall of the bladder, joined by a small incus to a stapes 
fitting into the atrial fenestra, and a claustrum lying on the membranous 
wall of the atrium j for these misleading names Bridge and Haddon have 

proposed the terms: tripus 
Ar (malleus), intercalarium 
•fc (incus), scaphium (stapes), 

which we shall adopt. 

Various attempts have been 
made to trace out the exact 
homology of the ossicles. A. 
Muller (1853) first derived the 
scaphium from neural arch 1, 
the intercalarium from neural 
arch 2, and the tripus from 
the rib of the third vertebra; 
and his conclusions have been 
in the main confirmed by sub¬ 
sequent observers (Nusbaum, 
927 ; R. Wright, 951 ; Bridge 
and Haddon, 891 ; Bloch, 888). 
But the question is compli¬ 
cated by the assimilation of 
vertebrae to the occipital 
region of the skull (Sagemehl, 

Macrones nemurus. A, The Weberian ossicles • B por- 37 ®)> &nd by the formation of 

frorn^above" (STt^ rigid compound vertebrae be- 
JSSr Sl «53PeSS of ad the"L rVda b J^ ; ; % hind the skull by the fusion of 

exoccipital ; h, horizontal canal ; in, intercalarium ; pto, Thnc fht-PA vf>rfp hrnf> 

pterotic; s, sacculus; sc, scaphium; tr, tripus; wf/utri’ Centra * 1 nus tftree verteDrae 

c™»<i te Ti^) tebral CO ' Umn ' 1Fr ° m Goodr,ch ’ VerL may fuse in Cyprinids, and as 

many as five in Siluroids 
(Wright, 951). According to Nusbaum’s recent account in Cyprinus three 
vertebral segments combine with the skull behind the vagus foramen to 
form the basioccipital region, and the haemal arches of the second and 
third fuse to form the large ventral masticatory process enclosing the aorta, 
while their neural spines contribute to the supraoccipital. The neural 
arch of the third of these segments forms the scaphium, that of the 
first post-occipital segment the intercalarium, and the haemal arch 
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(probably including the rib) the tripus. The claustrum, when present, 
would be derived from the intercalary of that segment (Wright, 951). 
The Cypriniformes, especially the Siluroids, often have a highly modified 
air-bladder, reduced in size, and sometimes partially enclosed in bony 
expansions of the vertebrae or ossified (see Bridge and Haddon, 891 ; 
Sorensen, 939 ; Bloch, 888). In many Cyprinidae, Characinidae, and 
Siluridae the bladder has paired extensions passing outwards to below 
the skin, forming a sort of tympanum behind the pectoral girdle. 

Sorensen supports Weber’s original suggestion that the apparatus serves 

to intensify sound vibrations and carry them to the ear, while also holding 

that it assists in the production of sounds by the fish. Ilasse (909), on the 

other hand, considers that it acquaints the fish with the state of tension of 

the air in its bladder at various depths. When the air-bladder expands the 

stapes or scaphium is pushed in ; when it contracts the scaphium is drawn 

out. Although it cannot yet be held that the function of Weber’s apparatus 

has been thoroughly determined, yet it seems highly probable that, as 

Sagemehl (378) suggested, it transmits changes of pressure to the 

perilymph, and sets up reflex actions which allow gas to escape by the 

duct or be secreted into the bladder (Evans, 897 ; Evans and Damant, 
898 ; Guyenot, 905). 


It may further be noticed that the wall of the air-bladder is generally 
provided with a layer of smooth splanchnic muscle fibres, and in addition 
with extrinsic striated muscles supplied by anterior spinal nerves. These 
muscles seem to have little to do with the altering of the capacity of the 
bladder for hydrostatic purposes, but are specially developed in those 
fishes which emit sounds, such as Zeus, Dactylopterus, Tngla (Delaroche, 
1809). An elaborate sound-producing organ known as the elastic spring 
apparatus is developed from the modified transverse processes of the fourth 
vertebra in connexion with the bladder in certain Siluroids (Auchenipterus, 
Doras, e tc.; see Sorensen, 939 ; Bridge and Iiaddon, 891). 

Summary.— We may conclude, then, that the functions of the air- 
bladder in fishes are many and various, but that it acts chiefly as an 
adjustable float to enable the fish to swim at any level with the least 
effort. But even among the Teleosts it sometimes acts also as a 
reserve of oxygen to be drawn upon in case of special need (Jacobs, 
1898, Moreau 1876-7). On the whole, it seems probable that the original 
unction of the bladder was respiratory. A cellular lung-like bladder 
occurs in Anna, Lepidosteus, and less developed in certain Teleosts 
such as Megalops, Chirocenlrus, Gymnarchus, Ara P aima, and Cyprinoids,' 

thlt th° 2 ^ dersheim > 3I0a '' de Beaufort, 887). Hyrtl (1856) showed 
e a er acts as a lung in Gymnarchus, and Jobert (1878) did 
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the same for Erythrinus ; nevertheless, 
it is possible that the lung-like 
function and structure has been 
reacquired in these Teleosts as a 
special adaptation for living in foul 
water. Such an explanation, how¬ 
ever, does not appear to apply to 
the more primitive fish, like Poly - 
pteruSj Anna, and Lepidosteus , where 
the respiratory function seems to 
be primary (Mark, 1890; Budgett, 

776; Potter, 931). That the bladder 
of the Dipnoi resembles a lung both 
in structure and in function has 
long been known, Fig. 601, and in 
Protopterus the air-cells are more 
elaborately developed than in many 
Amphibia (Parker, 929; Spencer, 

94 o). 

As for the origin of the air- 
bladder, we may conclude that it 
was probably derived from a posterior 
pair of gill-pouches, although it must 
be confessed that so far no definite 
embryological evidence of this has 
been found. This theory alone 
accounts for the blood-supply from 
the arterial arch in Dipnoi, Poly - 
pterus , and Amia, and overcomes 
the difficulty of explaining the 
initial stages in phylogeny. Pre¬ 
sumably when, in the Actinopterygii, 
either one or both of the pouches 
became dorsal and converted into 
a float into which gas was secreted, > 

the arterial blood-supply was drawn 
more directly from the aorta. More¬ 
over, the theory of Spengel, already 
referred to (941), is supported by the 
latest views on the first origin of 
lungs. 
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THE LUNGS OF TETRAPODA 

That the lungs of the land vertebrates were originally derived from 
gill-pouches was suggested many years ago by Goette (1875), who showed 
that in Pelobates they arise from paired rudiments. Nevertheless, it 
has generally been held that the lungs of the Tetrapods develop as a median 
ventral diverticulum from which grow out a right and left lobe, and this 
is still stated to be the case in man and in the pig (Flint, 900). Recently, 
however, much evidence has been brought forward to prove that in all 
Tetrapods the earliest trace of the lungs is in 
the form of paired pouches of the endoderm 
close behind the last-formed gill-slits, Fig. 

604. Weber and Buvignier (945), Greil 
(903), and Makuschok (918-19) have shown 
that in Urodela and Anura there is developed 
behind the vestigial sixth pair of gill-pouches 
yet another pair of outgrowths, which soon 
join a median ventral depression, developed 
immediately in front, either at the same 
time or very soon after, and representing 
the rudiment of the larynx and trachea, 

Figs. 602-3. The tracheo-laryngeal groove, 
carrying the lungs with it, closes off from 
behind forwards, leaving the open glottis 
in front. This mode of development has 
now been followed not only in Amphibia, 
but also in Reptilia (Hochstetter, 1906), in 
Aves (Katschenko, 788 ; Rosier, 937 ; Locy 

and Larsell, 916), and in Mammalia (Fol; Diagram illustrating modifier- 
Weber and Buvignier, 945). Nevertheless, 

some differences of opinion still persist as MTsii”''i2, l4 Lp=?th'pS?S 
to the homology of the lungs. Greil con- poudlcs ' 
siders that the rudiments are not truly comparable to gill-pouches 
being according to him more ventral and sometimes appearing before’ 
the last pair ; while Weber and Buvignier believe that they represent 
rather a reappearance of ancestral pouches than a persistent seventh pair. 
But although the sixth pair may be delayed in development in Amphibia 
there can be little doubt that Makuschok is right in insisting that the lung 
rudiments are true gill-pouches. Just as in the case of the air-bladder no 
other view harmonises so well with the fact that the afferent pulmonary 
vessel comes from the ventral aorta by way of the sixth embryonic aortic 



Fig. 602. 
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arch or gets over so easily the difficulty of explaining the initial stages 
in phytogeny. For it is easy to imagine that an endodermal gill-pouch 
might, like the vestigial and evanescent sixth pair, fail to fuse with the 
ectoderm and remain as blind sacs in which air could be lodged. Real 



Fig. 603. 

Horizontal section through posterior region of pharynx of embryo Triton (from M Makusrhok 

Anat. Anz i 9 xi). d Cavity of pharynx ; Lh, splanchnocoele ; Z 4, s^evEnsslih 6 ’ 
vestigial sixth slit; + , rudiment of lung diverticula. ueveiopmg gut slits , b, 


intermediate stages we could only expect to find in the long extinct 
ancestors of the Amphibia. 


The organs of respiration undergo most interesting changes in the 
different classes of the Tetrapoda, and we may now briefly consider 



their structure (Oppel, 795). We believe the 
lung of terrestrial Vertebrates to have started 
from a simple bilobed sac, not unlike that of 
Polypterus , with a vestibule in front opening 
by the glottis on the floor of the pharynx; 
the wall was thin, highly vascular, and covered 
outside by coelomic epithelium, contained 


Fig. 604. smooth muscle fibres supplied by twigs of the 

Transverse section of embryo vagus; the lining epithelium was ciliated, 

Galltis domesticus, 24 somite . . . 

stage (from Rosier, 1911), except in special regions where it was thin and 

showing earliest paired rudi- n .. , . . 

ments of lungs,/. c, Splanchnic flattened over the capillaries to allow easier 

coelom ; ph, pharynx. • , , 

respiratory exchange. 


Amphibia. —The lungs of the Amphibia have departed but little from 
this condition ; but the vestibule becomes differentiated into a larynx 
(Goppert, 687, 902 ; Wilder, 947), and a stiff trachea becomes more or less 


distinctly marked off from the thin-walled distensible lung, the inner wall 
of which may be thrown into folds. In some Urodeles, such as Necturus, 
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Proteus , and Triton, where the lung is rather hydrostatic than respiratory 

in function (Camerano, 893), the inner surface is smooth. This mav, 
_ * ' 

however, be due to secondary simplification. But in others, and especially 
the Anura, the folds may be increased in depth, and the cavity of the 
lung be subdivided peripherally by primary and secondary trabeculae 
into large chambers and smaller irregular air-cells amply supplied with 
capillaries and affording a large respiratory surface. As a rule the trachea 
is little differentiated ; but in the Gymnophiona and some Urodela 
{Siren, Amphiuma) it is definitely formed, and its wall strengthened by a 
series of paired cartilages, amounting to semi-rings in the former group. 

Between the Amniota and the Amphibia there is an important 
divergence in the mechanism of respiration ; for while in the former the 
lungs are filled according to the principle of a suction pump, in the latter 
the action is like that of a force pump, lownson (1794—5) was the first 
to study the mechanism in the Amphibia, which has since been worked 
out in detail by various authors (Cuvier, 1835 ; Haro, 1842 ; Panizza, 
1845; Milne-Edwards, 1857; P. Bert, 1869; Gaupp, 821). But 
oxygenation of the blood takes place in the Amphibia not only in the 
lungs, but also in the buccal cavity, the lining of which is usually very 
vascular, and to an even greater extent in the skin, likewise well supplied 
with blood-vessels (Williams, 1859). For buccal respiration the glottis 
is closed, and water or air passed in and out of the buccal cavity through 
the nostrils by depressing and raising the floor of the buccal cavity. 

The process of pulmonary respiration in the frog is as follows (Dakin, 

1927). The mouth is kept shut, and at intervals the nostrils are closed 

and the buccal cavity enlarged by the action of muscles which depress 

the hyoid plate in its floor. Air is thus drawn out of the lungs and mixed 

with fresh air present in the buccal cavity. The elevation of the plate 

and floor of the buccal cavity now forces mixed air into the lungs 

through the open glottis. The nostrils are closed by pressure of the 

lower jaw in the Anura or by special valves in the Urodela (Wilder, 

947 ) Anton, 884 , Bruner, 892). I he lungs behave as passive distensible 

sacs, though the contractility of their walls may help in expiration. 

Accompanying this peculiar mode of respiration in which the ribs take no 

part is their great reduction; in no living Amphibia do they meet the 
sternum (p. 78). 

Before leaving the subject of the lungs in Amphibia, something must 
be said about the remarkable lungless Urodelous Amphibians recently 
described by Wilder (948) and Camerano (893). In various species 
and genera of the family Salamandridae ( Salamandrina, Plethodon, 
Spelerpes, Batrachoseps, Manculus, Aeneides, Desmognathus), both in 
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E u r °p e and in America, the lungs, trachea, and larynx have entirely 
vanished, being represented by at most a depression on the floor of the 

T _ . j * , may disappear in the adult, 

ntermediate stages in the degeneration occur in Salamandnna (Camerano, 

893 ; Luhe, 917; Lonnberg, 1899). Respiration in these lungless 
rodeles is carried out by the vascularised surface of the skin, the bucco- 
pharynx and even the oesophagus (Bethge, 1898; Barrows, 1900). 
Considerable modifications are entailed in the vascular system, both 
pulmonary vein and left auricle being reduced (Bruner, 892). 

In the Amniota not only is the trachea strengthened by cartilaginous 

rings, incomplete dorsally in the Reptiles, 
but from its hinder end are differentiated 
two extra-pulmonary bronchi of similar 
structure leading to the lungs. The glottis 
can be firmly shut in Reptiles and Birds, 
and is closed in Mammals by a protective 
flap supported by cartilage, the epiglottis. 
As the neck becomes differentiated and 
lengthened, so does the trachea elongate 
and the lungs retire to the thoracic region 
with the heart. Their inflation is brought 
about according to the principle of the 
suction pump, by the expansion of the 
thoracic chamber whose walls are (except 
in Chelonians, see p. 600) provided with well- 
developed jointed movable ribs articulating 
for the most part with the ventral sternum. 
Contraction of the intercostal muscles draw¬ 
ing forwards and straightening the ribs 
expands the thoracic cavity, and air rushes 

„ . . * nt0 lungs through the open glottis. 

Relaxation of the muscles and the collapse of the ribs accompanies 

expiration. These respiratory movements are further helped by the 
development of septa and diaphragms (see below). 

In the course of adaptational evolution, the lungs of the Amniota 
become more and more specialised in divergent directions. Starting 
from such a mere saccular enlargement as we find in Amphibia, with thin 
slightly folded walls enclosing a spacious central cavity, the distinction 
between the air-passages and the truly respiratory region becomes more 
pronounced, the latter being ever increased to afford a larger surface 
for respiratory exchange. Numerous and small alveoli, lined with the 



Fig. 605. 

Diagram of longitudinal section 
through lung of Lacertilian. br. 
Lateral external bronchus ; Ibr, lateral 
secondary bronchus leading to air- 
cells ; mbr, main internal bronchus; 
a, anterior, and p, posterior saccular 
extensions of bronchi. 
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thinnest epithelium, become set round internal chambers delimited by in 
growing septa. These chambers become 


regularly disposed so as to lead out 
from a central cavity which grows 
more defined and tubular by the regular 
arrangement of the edges of the 
septa, until they finally surround intra- 
pulmonary passages or bronchi. The 
chambers themselves may be differen¬ 
tiated into mere air-passages leading 
from a bronchus to more numerous 
atria beset with alveoli. Thus gradu¬ 
ally develops the spongy parenchyma 
of the higher types of lung, Figs. 605- 
6°6, 638. 

Reptilia. —The minute structure of 
the lung in Reptiles has been studied 
of late by Miller and Milani (920). As 
a rule in Lacertilia and Ophidia the 
more parenchymatous part is situated 
in the anterior region near the entrance 
of the bronchus, and gradually dwindles 
towards the apex, which may be thin- 
walled and saccular. In the Varanidae, 
Crocodilia, and Chelonia, where the 
parenchyma is more developed, distinct 
secondary bronchi expanding into 
chambers radiate from a tubular meso- 
bronchus. Moreover, in the Chelonia 
and certain Lacertilia (Ascalobatae, 
Iguanidae, Varanidae) the terminal 
thin-walled sac may be prolonged into 
blind processes. These are especially 
well developed and numerous in 
Chamaeleons, w'here they extend anions 

' J O 

the abdominal viscera and help the 
animal to distend itself, Fig. 606. 
Probably as a consequence of the 
elongation of the body, snakes and 
snake-like lizards usually have a 
vestigial left and lengthened right lung. 



Fic. 606. 

Lungs of Chamacleo monachus. T, 
Trachea. (From Wiedersheim, Comp. 
Anatomy.) C* 
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Owing to the presence of a hard carapace and plastron, often rigidly 
connected together, respiration cannot be carried out in Chelonians as it 
is in other reptiles by means of the movable ribs. It is therefore brought 
about by a special mechanism peculiar to the Chelonian (Townson, 1799 • 
Weir-Mitchell, 1870; P. Bert, 1870). Inflation and deflation of the 
lungs, highly differentiated organs closely adpressed to the carapace, is 
due to some extent to the drawing in and out of the neck and limbs, but 
chiefly to the action of the pectoral and pelvic limb girdles, whose remark¬ 
able position and attachments within the ‘ shell ’ allow a certain rotary 
movement (Sabatier, 1881 ; Charbonnel-Salle, 1883 ; Fran 9 ois-Franck, 

1906). The posterior oblique muscle and the post-hepatic septum help in 
the respiration of crocodiles (p. 641). 

Aves. Most interesting, however, is the respiratory apparatus of birds, 
whose body has to be kept at a constant high temperature, and whose great 
metabolic activity during violent muscular exertion has to be provided 
for. In the bird s lung, indeed, the respiratory exchange is probably 
more intense and more effectively carried out than in any other respiratory 
organ known, and the lungs become differentiated into what may be 
called the lungs proper, situated in the thoracic region close up against 
the ribs and vertebral column, and blind thin-walled distensible air-sacs 
extending among the viscera. Ever since Harvey, in 1651, proved that 
the apertures on the ventral surface of the lung lead into air-sacs, and 
Camper (1773) and Hunter (1774) further showed that these sacs lead 
into air-cavities in the bones, the breathing apparatus of birds has 
attracted the attention of a multitude of observers. But it is only quite 
recently that the peculiar structure of the avian lung has been fully 
appreciated. For our knowledge of the anatomy of the sacs we are 
chiefly indebted to the work of Sappey (1874), Campana (894), and 
Huxley (911); but much detail has been made known by Schulze (1871), 
Beddard (953), Guillot (904), Roche (936), Muller (923), Weldon (1883), 
Juillet (9 12 ), and others ; while their development has been revealed 
by Selenka (1866), Bertelli (955), Boole (974), Juillet (912), Locy and 
Lars ell (9 J 6). Briefly the air-sacs may be described as, so to speak, the 
blown-out extremities of certain bronchial tubes, Figs. 607-9. There are 
usually five pairs : a cervical extending up the neck; an interclavicular 
pair, usually fused to a median sac ventral to the oesophagus in the 
pectoral region (remaining separate in Vultures, Ciconia , and Ardea ); 
an anterior and a posterior pair of thoracic or intermediate sacs, below 
the ribs and in front of the post-hepatic septum (p. 633) ; and lastly, two 
abdominal sacs, which push far into the abdominal cavity, except in 
Apteryx (Huxley, 911). Rarely there are three pairs of intermediate 
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sacs (. Podargus , Beddard, 1898). 7 'hese thin-walled non-vascular sacs 
become pressed against each other, the ventral surface of the lungs and 
the oblique septum (pp. 633, 639), and are permanently distended with 
air to a greater or less extent. Much speculation has arisen about their 
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Air-sacs and canals leading into bones of pigeon (after B Miillpr fmm r c is;- . /- 

Anal, of Vertebrates, 1926). c l -\ Intertransverse canals; da 1 -* axillary sac and its Sraf’ y° m f' 
ciilum ; dc, canal for ribs ; dot, infraclavicular canal ; ds, sub4capular sa? ™^ d Ver “* 

pre-acetabular canal ; sad, sas, right and left abdominal sacs • 7 ' ' ,ternal cana * > P c > 

and posterior intermediate or thoracic sacs. ’ ’ FVlca sac * sta > st P> anterior 


function. That their chief use is to help in respiration there can be no 
doubt (Harvey, 1651 ; Perrault, 1666; Sappey, 1847 ; Campana, 894). 
Placed between the skeleton above and an almost rigid sheet of connective 
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tissue below (pulmonary diaphragm of Sappey, pulmonaiy aponeurosis of 
uxley, ornithic diaphragm of Bertelli), the lungs proper hardly alter 
at all in volume m breathing; they are relatively small and enclosed 
in virtual pleural cavities (p. 639). This arrangement is to some extent 
foreshadowed in the Crocodiha, where the lungs are also enclosed in 
p eural cavities distinct from the abdominal coelom (p. 641). The original 
ung has in fact become differentiated into two regions : the closely 
packed parenchymatous vascular lung in which respiratory exchange 
takes place, and the saccular diverticula whose function it is to serve 
as reservoirs for pumping air through it. Campana adopted the then 
prevalent theory that the intermediate sacs received most of the 
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thoradcTair'sac 'TrrrJZ 2 * anS ° f , f „ Bird - ,side view. Abdominal air-sac ; alh, anterior 

thoracic air sac , c, ier\ical air-sac ; hi, heart ; i cl, interclavicular air-sac • Is left lurur • mbr meso- 

trachea^ ’ Ph °' posthepatlc se P tum • P th > posterior thoracic air-sac ; rbr, recurrent bronchi; lr, 


fresh air from the bronchi at inspiration, when the ribs are straightened 
and the sternum lowered ; the more anterior and posterior sacs being 
filled from the intermediate sacs when the thorax contracts. The outer 
sacs would thus be expanded when the intermediate sacs are compressed, 
the small muscles of the pulmonary diaphragm serving to keep constant 
the volume of the lung at expiration. Thus by the alternate contraction 
of antagonistic sacs (Perrault, 1666) a constant flow of air would be kept 
without intermission through the lung at average tension and composi¬ 
tion. Moreover, the large surface of the sacs serves to keep the air both 
warm and damp, and mixes the new air with the old. But this theory 
of antagonistic sacs has been considerably modified by later observers 
(P. Bert, 1870 ; Soum, 1896 ; Bar, 1896). To understand avian respira- 
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Abdominal viscera and air-sacs of a duck after the removal of the ventral bodv-uall /Fro,,, * 

(fa |f iforn ‘) l-^.nent Hcd'Us! r^ht £’ lehpar^ o/'p^M septum^E ‘pectoris 

major , p, axillary sac lying between the coracoid, scapula and the anterior rihc P^ ttora,ls 

with the sub-bronchial air-sac; pa, pv. pectoral artery and vein- r 4 bd S / 

the lung ; t, anterior thoracic air-sac ; ft, posterior thoracic j'iS" entran “ °‘ the bronchi into 
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tion we must now describe the recurrent bronchi discovered by Campana 
(894), but the full significance of which was first made known by Juillet 
(912), Figs. 608, 612, 636-7. The main or meso-bronchus passes down to 
open into the abdominal sac, and gives off lateral secondary branches to 
each of the other sacs. In the case of the cervical sac, the simple bronchial 
orifice on the surface of the lung proper, the large primary ostium, is the 
only communication ; but each of the remaining four sacs has in addition, 
as a rule, a group of small secondary openings leading back from the sac 
into recurrent bronchi which penetrate and branch in the substance of 
the lung, and it is by means of these that relatively pure air received 



Fig. 610. 


with S T l \ port jS n °J lung of a bird ’ much «"to«ged. Air-capiliaries 

divertic^m into which open ak-'ca^UlSiS 1 parabroncbial cut across 1 vestibule, 


directly from the primary bronchus is returned to the lung from the sac, 
ensuring a thorough ventilation of the parenchyma. 1 During flight the 
interclavicular and anterior intermediate sacs would be specially active, 
being much influenced by the muscles of the wing; but when at rest 
and when walking the posterior and abdominal sacs would be more 
effective. The mechanism regulating the flow of air from the sac back to 
the lung through the recurrent openings and not through the ostia into 
the large bronchi has not yet been satisfactorily elucidated. Probably 

1 No doubt when the avian lung was evolved from the reptilian, the 
constriction between the true lung and the air-sacs took place in such a way 
as to leave a few of the air-pockets on the side of the sac, and it is these 
distal diverticula which became converted into the recurrent bronchi. 
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muscular contraction of the ostia and valvular folds contributes to this 
end ; but the evidence of observers on this point is contradictory. 

The lung itself has become marvellously adapted to secure the greatest 
possible surface for respiratory exchange and the most perfect ventilation 
of its parenchyma. It is chiefly to the later work of Fischer (899), 
Juillet ( 912 ), Locy and Larsell (916), and Larsell (915), that we are indebted 
for the elucidation of the unique structure of the bird’s lung, which differs 
from that of all other vertebrates in that it contains no culs-de-sac, no blind 
air-cells, but only freely communicating anastomosing passages forming 
complete air-circuits. As already explained, the extra-pulmonary bronchus 
enters the lung and passes down to its hinder end as the main bronchus, 
giving off as a rule four large secondary ventral bronchi, and then eight 
secondary dorsal bronchi • to these may be applied Huxley’s terms, 
mesobronchus, entobronchus, and ectobronehus respectively. There are, 
in addition to these, 
six laterobronchi and - 

some dorsobronchi. ft v T)-Vs 

These various secondary 
bronchi soon branch into 
tertiary parabronchial 
tubes of uniform bore 
which join end to end 
with those of neigh¬ 
bouring bronchi and of 
the recurrent bronchi. 

Further, as shown by 
Rainey and Williams 
( J ^59); the parenchyma without air-cells consists of hexagonal areas 
surrounding the parabronchi, supplied by blood-vessels, and pierced by 
a system of air-capillaries (Fischer, 899), offshoots from the parabronchi 
forming an anastomosing network of minute air-circuits leading from one 
parabronchus to another, and from recurrent to excurrent parabronchi. 
The spongy mass of the lung thus consists of a complex network of 
interlacing blood-vascular and air-capillaries of great efficiency, Fig. 610. 

The fact that the bones of birds often contain air instead of marrow 
is said to have been first mentioned by the Emperor Frederick II. in a 
treatise on the chase in the thirteenth century. This pneumaticity, due 
to the penetration of diverticula from the sacs, varies greatly in extent. 
Although generally well developed in good fliers, this is by no means 
always the case, since it is absent in gulls and little developed in small 
birds. Every gradation is known, from that of the Penguins in which 



Fig. 611. 

Diagrammatic side view of right lung of bird showing para¬ 
bronchi connecting ecto- and endobronchi (after Locy and 
Larsell, from J. S. Kingsley, Comp. Anal, of Vertebrates, 1926). b. 
Bronchus; ec, ectobronehus; en, endobronchus ; o, opening into 
abdominal sac ; />, parabronchus ; r, impression of ribs. 
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no bones are pneumatic to that of the Frigate bird in which they all are 
down to the metatarsals. The early fossil birds Archaeopteryx and 
Hesperorms seem not to have possessed pneumatic bones (Marsh); but 
the vertebrae of some Dinosaurs were pneumatic. It is the cervical 
sac which supplies air to the cervical and thoracic vertebrae and ribs, 
the interclavicular to the pectoral girdle wing sternum and sternal ribs, 
and the abdominal to the hinder parts of the skeleton (Campana, 894). 
More or less extensive diverticula may also spread underneath the skin 
and among the muscles, especially in good fliers and aquatic birds. 




Diagrams of lung of hen, Gallus domesticus : A, Dorsal, B. ventral aspect (after Locy and 
Larsell, from J. S. Kingsley, Comp. Anal, of cnebrates, 1926). a, Opening of mesobronchus, mb, into 
abdominal air-sac ; ai, region of recurrent bronchi from anterior intermediate sac; ai °, opening of 
6, bronchus, into intermediate sac ; c, opening into cervical sac ; d , roots of dorsibronchi; cc 9 ecto- 
b rone hi ; en, entobronchi ; /, laterobronchi ; /m, m, openings into lateral and medial moieties of inter- 
clavicular sac ; />, opening into posterior intermediate sac ; r, recurrent bronchi from abdominal sac. 


The development of the lungs and air-sacs takes place as follows. 
Starting from the paired evaginations already mentioned, the lung rudi¬ 
ments join a median tracheo-laryngeal groove which is constricted off 
from the oesophagus. The paired endodermal diverticula grow back¬ 
wards, surrounded by a thick layer of mesenchyme covered with coelomic 
epithelium ; soon they bud off side branches which, penetrating the 
mesenchyme, give rise to the secondary bronchi we have described in 
the adult, while the main stem becomes the mesobronchus. Numerous 
parabronchi now budding'off from the secondary bronchi fuse end to end 
with and open into branches from other bronchi. Still more numerous 
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and finer outgrowths anastomose and complete the system of air- 
capillaries, thus establishing the characteristic air-circuits. Meanwhile the 
air-sacs grow out from the surface of the young lung as paired rudiments 
or buds. The cervical sac arises from the first entobronchus, the anterior 
intermediate sac from the third entobronchus, the posterior intermediate 
from the third laterobronchus, the abdominal sac from the extremity of 
the mesobronchus. The interclavicular sac has a double rudiment on 
each side, one from the first entobronchus and the other and larger from 
the third entobronchus ; these two fuse not only with each other, but also 
in most birds with the corresponding sac of the opposite side. In the 
meantime the recurrent bronchi have budded off from the necks of the 
developing sacs, and grow inwards to branch and finally anastomose with 
the other parabronchi, Figs. 633-7. 

What can be the function of these extensive air-cavities, besides that 
already discussed of acting as accessory respiratory reservoirs to ensure 
a continuous instead of an intermittent flow of air, has long puzzled 
zoologists. That, being filled with warm air, they may serve as aerostatic 
organs was long ago suggested ; but Campana has conclusively proved 
that their lifting power is quite negligible. They may lower the specific 
gravity of a bird’s body by 4 per cent at most. The replacement of 
marrow by air in the skeleton lessens the absolute weight ; but here again 
the difference is probably insignificant, and far surpassed by the variation 
in the relative weight of the skeleton in different species, and by the differ¬ 
ence in weight due, for instance, to the taking in of food even at a single 
meal. In floating and diving birds, however, the air-cavities act as 
hydrostatic organs, also in singing birds as reservoirs of air, and generally 
they may serve to distribute the weight and so help to shift the centre 
of gravity to an advantageous point in flight. On the whole, the 
respiratory function seems to be by far the most important. 1 

Mammalia. —Although the differentiation of the lung has taken place 
m Mammals on the same principle, so to speak, as in Reptiles and Birds 
of increasing to the greatest possible extent the respiratory surface, yet 
the mammalian lung has been doubtless evolved along independent lines, 
and to trace its development we should probably turn back to the un- 


Another possible function (Campana, Vesiovi, Madarasz) is that 01 
owenng the temperature by offering a large surface for evaporation Since 

r :-- tand are covered with a non-conducting layer of feathers, 
ey must have some way of keeping down their temperature during violent 

in^irT' eCd ' the Wh ° le qUCStion ° f the mechanism for heat regulation 

radical S ? mS n 7 yCt t0 haVC been ade fl uatel y worked out. It must differ 

would doubtlTs n ° f mammalS ' haS been independently acquired, and 
uici doubtless well repay investigation. 
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differentiated type of the Amphibian or lower Reptile such as Sphenodon, 
Intermediate steps are lacking, since even the Monotremes are thoroughly 
mammalian in their respiratory apparatus. 

The lung of the mammal is characterised by the great development 
of a branching tree-like system of intra-pulmonary bronchi. These 
ramifying tubes, whose walls are strengthened by cartilages, are 


Branchial- duct 2 


Parathyroid of 3d pouch 


Branchial groove 1 


Conical sinus 

Cervical vesicle 
Thymus a?ilage 

Parathyroid of 4th pouch 


Pharyngeal pouch 5 



Pharyngeal pouch 1 


Pharyngeal pouch 2 


Pharyngeal pouch 3 


Pharyngeal pouch 4 


A pical bud of right lung 


Stomach 


Dorsal pancreas 


Gall bladder 


Duodenum 


Fig. 613. 

A reconstruction of pharynx and fore-gut of 11-7 ram. human embryo seen in dorsal view (after 
Hammar). Ectodermal structures are stippled. (From Prentiss and Arey, Text-book of Embryo¬ 
logy, 1917.) 


provided with a layer of smooth muscle fibres, and a lining of columnar 
ciliated epithelium reaching as far as the slender bronchioli entering the 
lobules. The latter are separated from each other by connective tissue, 
and in each of them the bronchiolus branches into respiratory bronchioli 
leading to alveolar ducts which expand into atria. Finally the atrium, 
and the infundibula or alveolar saccules coming from it, are beset with 
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minute alveoli or air-cells. Alveolar duct, atrium, saccule, and alveolus 

arc all lined with a very thin flat epithelium, covered externally by a close 

network of capillaries. It is in this region that the respiratory exchange 
takes place (Oppel, 795). 

Aeby (883) was among the first to make a detailed systematic study 
of the bronchial tree, and to point out that in the vast majority of 
mammals it is built on a remarkably asymmetrical plan. From each stem 
bronchus arise secondary bronchi : a main outer lateral series (called 
ventral by Aeby and many authors since, but more correctly named lateral 
by Robinson, 935) ; a dorsal series and a less complete ventral series 
(called accessory by Aeby, and supposed by him to be secondarily derived 
from the lateral). There may also be present a less developed and less 
regular series of internal lateral bronchi (d’Hardiviller, 908 ; Flint, 900). 



Vi, Vz, etc., ventral bronchi ; Jc, mfracardial bronchus. ’ P al bronchus ■ etc., dorsal, 


These secondary bronchi are given off at fairly regular intervals along the 
stem bronchus, and diminish in size from before backwards to the tip of 
the tree. The dorsal and ventral series correspond in position but 
alternate with the lateral. The pulmonary vein enters the lung ventrally 
and branches, spreading over the ventral surface of the bronchi On 
the contrary, the pulmonary artery, although likewise entering from below 
passes round the outer side of the stem bronchus, runs back along its 
latero-dorsal surface, and spreads over the more dorsal aspect of the 
bronchial tree. Now Aeby, who held that the artery exerts a controlling 
nfluence oyer the distribution of the bronchi, pointed out that, whereas 
the left lung not only the ventral regions, but also the anterior apex 
are supplied by the lateral series coming off below the artery, and therefore 

disdnet h yPar r ial ; m the riRht ' Ung the apical re S ion is spiled by a 
distinct bronchus coming off more dorsally, passing above the artery, and 

termed epartenal, lugs. 6r 3 - I4 , 648. The asymmetry is further marked 
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by the great extension of the first of the ventral bronchi on the right side 
to supply the infra-cardiac lobe, large in most mammals, but reduced in 
some, as in man. This lobe is developed in a special diverticulum of the 
right pleural cavity situated between the diaphragm and the heart, Figs. 

644-5, 654. 


Much controversy has taken place about the significance of the 
eparterial bronchus. With few exceptions it occurs on the right side in 
all species not only of the Placentalia but also of the Marsupialia and 
Monotremata (Aeby, 883 ; Huntington, 910; Narath, 924-5). The 
known exceptions are certain genera in which it occurs on both sides, 
such as Brady pus, Phoca, Equus, Auchenia , Elephas, Phocaena, Del- 
phinus, and Cebus ; and Hystnx and Taxidea , in which it does not occur 
at all. In the Artiodactyle Ungulates and the Cetacea it may arise from 
the trachea; sometimes its origin is bronchial on the left and tracheal on 
the right (Auchenia, Delphinus). Aeby concluded that the eparterial is 
a special bronchus not usually represented on the left side, and therefore 
that the apical lobes of the two lungs are not truly homologous. 

Narath, whose results have been generally accepted, strongly opposes 
Aeby s conclusions, denies, like Zumstein before him, the importance of 
the position of the pulmonary artery, and maintains that the eparterial 
bronchus is merely the specialised first bronchus of a dorsal series, and 
that it is still, where apparently absent, attached to the first ventral 


bronchus, of which it is 
Willach. 


probably the dorsal branch as suggested by 


Moreover, Narath holds that the dorsal series of bronchi are phylo- 
genetically to be derived from the lateral bronchi, of which they are to 
be considered as branches which have migrated on to the stem bronchi; 
and the same suggestion is made about the ventral series. Development, 
however, does not support this view, as it seems clearly established that 
the series of secondary bronchi appear regularly on the stem bronchi 
from before backwards as independent buds (Flint, in the pig; E.S.G., 
in Tnchosurus and the mouse). Moreover, it seems far more probable 
that the arrangement of the secondary bronchi in three or four series is 
derived from the reptilian condition, where the outgrowths are more 
numerous and less regular, by their reduction and specialisation. Hunting- 
ton, extending Aeby’s observations on the adult tree, concluded that 
the symmetrical bilateral hyparterial type (Hystrix, Taxidea) is the 
most primitive, leading through the type with a right eparterial to the 
symmetrical eparterial type (Cebus, Phoca , etc.). But this theory cannot 
seriously be maintained. The exceptional cases in which there appear 
to be two eparterial bronchi are sporadically distributed among tL fc e higher 
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mammals, and are possibly due to the functional replacement of the 
original eparterial by the next pair of dorsal bronchi. Observations on 
the development of these mammals are greatly needed. The two forms 
without eparterial bronchus ( Hystnx , Taxidea) possess lungs of very 
aberrant structure. On the other hand, the asymmetrical type is widely 
prevalent, fully developed in the most primitive groups, and appears in 
the very earliest stages in the ontogeny of the bronchi, not only of the 
Ditrematous but also of the Monotrematous mammals ( Echidna , Narath, 
924 ; Ornithorhynchus , E.S.G.). There can be little doubt that this type 
was established in the primitive ancestral mammal. 

It is generally supposed that the asymmetry of the bronchi is an 
adaptation to allow for the backward motion of the heart and the 
development of the left aortic arch, leading either to the suppression of 
the eparterial bronchus on the left (Aeby), or to its non-separation from 
the first lateral (Willach, Narath). However, no trace of a left eparterial 
bronchus has been discovered in the embryo by most authors ; although 
d’Hardiviller described in an early stage of the rabbit a left eparterial, 
which vanishes later, and Bremer (890) observed the same in the embryo' 
of the opossum, Didelphys. These observations need confirmation, and 
it seeins not improbable that these authors described either abnormalities, 
or a first dorsal for the true eparterial bronchus. If we are unable to 
accept the view of Willach and Narath that the eparterial is homologous 
with the apical branch of the first left lateral, since there is no evidence 
that a bronchus can migrate from a hyparterial to an eparterial position, 
we may still hold that it is essentially merely the first of the dorsal series. 

General Development and Phylogeny.— Turning now to the more 
general significance of the mode of development of the lung structure, 
we find that new light has been thrown on this problem by the 
researches of F. Moser (921), confirmed on Reptiles by Hesser (909). 
She holds that the subdivision of the lumen of the lung is brought 
about in ontogeny, not by the formation of ingrowing septa, but "by 
the outgrowth of successive bud-like branches from a primitive 
mesobronchus in the lower as well as in the higher forms. The buds 
penetrate, sprout, and expand in the surrounding mesoblastic tissue, 
and thus the thicker this layer of mesenchyme the deeper will be the 
cavities and the more developed will be the walls separating them. The 
Amphibian lung-rudiment having but little mesenchyme, the central 
lumen is large and the peripheral chambers shallow; moreover, the buds 
are irregularly distributed. On the other hand, in the Amniota the 
mesenchyme is progressively increased, and the primary buds fewer and 
more regular in their origin, but more subdivided distally, leading to the 
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mode of development so admirably described by numerous observers in 
Mammals (His, Narath, Flint, etc.). We have already sketched this 
development in the case of the bird (p. 606). There remains only to 
mention the long controversy held as to whether, especially in the 
Mammalia, the ramification of the embryonic bronchus takes place 
according to a monopodial or a dichotomous plan (in the latter case by 
subdivision of the growing tip, in the former by lateral sprouting from the 
main stem). Most of the older authors (Remak, Koelliker), and more 
recently Ewart (1889), Minot (1892), Justesen (913), interpreted the 
growth as dichotomous ; but v. Baer, Cadiat, Kuttner, Aeby (883), 
on the contrary, held it to be monopodial. Some have maintained 
that both processes take place (Robinson, 935 ; d’Hardiviller, 1897 ; 
Flint, 900). The work of Moser, Narath, and Flint may be considered 
to have established that the monopodial is the chief, if not the only 
mode of branching in early stages, that the buds grow out regularly in 
succession from the base of the bronchus to near its blind end, and 
that the main buds appear just short of the growing tip, except perhaps 
in the case of accessory bronchi. In later stages and towards the 
extremity of the finer twigs it is probable that monopody merges into 
dichotomy. Obviously intermediate stages between monopody and 
dichotomy may occur. 

Although this may well be a correct account of the embryonic 
development of the lung, there can be little doubt that it cannot represent 
its phylogenetic history. Indeed, the lung seems to present a remarkably 
clear case of an ontogeny which is not recapitulative. For the accumula¬ 
tion of a thick layer of mesenchyme round the narrow endodermal 
rudiment of thick columnar epithelium can surely in no way repeat a 
primitive stage, but is rather due to the precocious gathering together of 
the building material for future differentiation. On the contrary, the 
lung, to be an efficient organ of respiration, must from the first have had 
a thin wall abundantly supplied with a superficial network of blood¬ 
vessels, and have become progressively folded and pocketed to form the 
parenchyma of air-cells in higher forms. Thus the respiratory surface, 
which is the last to develop in the embryo, must have been present from 
the first and throughout phylogeny, although doubtless less perfected in 
the lower than in the higher terrestrial vertebrates. 
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SUBDIVISIONS OF THE COELOM, AND DIAPHRAGM 

The Subdivisions of the Coelom : The Pericardial Coelom and the 

Septum Transversum.- Pericardial chamber in Craniata. p. 613— 

Function, p. 614—Development of septum transversum’ p. 614— 

Obliteration of pericardio-peritoneal passages except in. certain forms 
p. 618. 

The Mesenteries and Bursa Omentalis.— Primitive mesentery, p. 620— 
Development, fate, and relations to heart and alimentary canal, p. 620 
—Bursa omentalis and foramen of Winslow, p. 622. 

The Pulmonary Folds and Recesses. —Development and relations of 

pulmonary folds and pulmonary recesses, in Tetrapoda, p. 624_ 

Amphibia, p. 628—Reptilia, p. 630—Aves, p. 630—Mammalia, p. 631. 
The Nephric Folds. —Origin and morphology of the nephric folds, p. 631. 
The Coelomic Septa in Aves. —Disposition of the viscera and relations of 
the mesenteries and septa, p. 632—Septum transversum, pulmonary 
aponeurosis, oblique septum, and post-hepatic septum, p. 632—De¬ 
velopment and morphology of the septa, p. 636—Closing of pleural 
hepatic, and intestinal chambers, p. 638. 

The Subdivision of the Coelom in Reptilia.— Lacertilia, p. 640—Chelonia, 
p. 641 Crocodilia, p. 641—Origin of post-hepatic septum, p. 641. 

The Mammalian Diaphragm, —Development from several sources, p 643_ 

Contribution from septum transversum, p. 643—Pleuro-pericardial canals 
p. 645—Phrenic nerve, p. 646—Closure of pleural cavities, p. 647— 
Nephric folds, p. 647—Derivation of muscles, p. 652—Composition of 
adult diaphragm, p. 653—Phylogenetic history, p. 655. 

THE SUBDIVISIONS OF THE COELOM. THE PERICARDIAL 

COELOM AND SEPTUM TRANSVERSUM 

In the Craniata the coelom always becomes transversely subdivided 
more or less completely into separate chambers fulfilling special functions. 
The most constant of these, and the first to appear in both phylogeny 
and ontogeny, is the pericardial chamber, Fig. 6i S . Surrounding the 
heart below the fore-gut, it becomes completely shut off from the more pos¬ 
terior trunk coelom in all adult Craniates, excepting the Selachii, Chondro- 
stei, and certain Cyclostomes (see below, p. 619). The pericardium in fishes 
is situated far forward, below and behind the posterior gill-arches Its 
sides are formed by the body-wall ; behind it is closed off by a firm 
nearly vertical, septumtransversum (see p. 616). It is protected above 
by the basi-branchials, and below by the pectoral girdle. Passing to the 
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Tetrapods we find that the pericardium moves farther and farther back¬ 
wards away from the gill-arches ; its side walls become thinner, being 
freed from the body-wall, and the thin septum transversum takes up an 
oblique position from before backwards and above downwards. This 
change, only begun in the Amphibia, accompanies the differentiation of 
a well-defined neck in the Amniota, and the retreat of the heart into the 
thoracic region above the protecting sternum. The backward migration 
of the heart and pericardium is always repeated in ontogeny. Mean¬ 
while the pericardium tends to become more and more overlapped by the 
pleural divisions of the coelom, into which grow the lungs. Moreover, 
in the Sauropsida it becomes separated from the body-wall at the sides 
by the peritoneal coelom and liver, and in the Mammalia by the ventral 



Fig. 615. 


Diagram showing relations of coelomic cavities (black) in: A, Pisces: B, Amphibia and some 
Reptilia; C, Mammalia. (From J. S. Kingsley, Comp. Anai. of Vertebrates, 1926.) L, Liver; P, 
lung ; S, septum transversum ; D, diaphragm. 

extensions of the pleural cavities, which in man, for instance, leave the 
pericardium attached below only in the middle line above the sternum. 

The function of the pericardial chamber is no doubt manifold and has 
changed somewhat from its first appearance in the lowest Craniata. 
Primarily it affords protection to the heart from surrounding pressures, 
and a free space filled with fluid in which the heart can easily undergo 
contraction. The stiffness of its wall in Pisces must also serve to maintain 
a negative pressure helping the venous flow back to the sinus venosus 
(see further, p. 536). 

The closing off of the pericardial coelom takes place in very much the 
same way in the embryo of all Gnathostomes. In early stages the coelom 
of the lateral mesoblastic plate extends on either side of the median 
mesentery from the trunk into the pericardial region. The rudiment of 
the heart or ventral splanchnic vein below the oesophagus receives blood 
from the yolk-laden mid-gut by paired omphalomesenteric veins ; but as 
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yet has no direct connexion with the somatic veins. Soon, however, the 
splanchnic wall, bulged outward by the omphalomesenteric veins, meets 



Fig. 616. 



su 


, T n anS ^ erSe section of an embryo Scyllium canicula, Stage I, in A, posterior pericardial region 
and B, region of sinus venosus ; showing origin of horizontal septum or raesocardia lateralia hs bv 
iusion of somatic and splanchnic walls leaving two dorsal coelomic passages above, dcp and per£ 
cardial coelom below , pcc. a. Dorsal aorta ; d, somatic rudiment of ductus Cuvieri ; hi heart- 
If, lateral mesenterial fold ; Isv, rsv, left and right somatic veins (future cardinals) ; tic nerve cord • 

SOmite: -.-us venosus. (Figs. 6r6-x 9 aiid 6 a 1 from E.s! 


the somatic wall, and a bridge becomes established across the coelom on 
either side in which develop the ductus Cuvieri carrying blood from the 
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cardinal veins to that anterior part of the splanchnic vein 
to form the sinus venosus, Figs. 616-17. Thus arise the 
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mesocardia lateralia ’ of Koelliker enclosing the ductus Cuvieri, and 
separating two dorsal and two ventral openings. On either side of the 
median mesentery is thus established a dorsal pericardio-peritoneal or 
pleuro-pencardial passage (recessus parietalis dorsalis of His), and a 
ventral pericardiaco-peritoneal passage (recessus parietalis ventralis). 
Into the anterior region of the ventral mesentery below the sinus venosus 
now grow the hepatic diverticula (see pp. 620-22), which soon by repeated 
branching subdivide the veins and develop into a bulky liver. Over the 
front face of this organ spreads the connective tissue of the mesentery to 



Fig. 618. 


Inner view of right half of pericardial region of an embryo Scyllium canicula , 26 mm. long, recon- 
struetecl. Section cut to left of median mesentery through which a window has been cut to expose 
Mullerian funnel, m/, and the root of vitelline artery, ca. Behind pericardio-peritoneal opening, pp, 
is seen beginning of left mesenterial fold. An arrow passes behind mesohepatic ligament from peri- 
cardial to peritoneal cavity. a, Dorsal aorta ; bci, bile-duct ; c, conus ; g, spinal ganglion ; gb 9 
gall-bladder ; t, intestine ; pa y pancreas ; ph 9 pharynx ; sf, septum transversum ; va, w, vitelline 
artery and vein ; yd, yolk-duct ; ys, yolk-stalk. Other letters as in Figs. 616 and 619. 


the sides, where it meets oblique lateral somatic ridges running down¬ 
wards along the body-wall from the mesocardia lateralia to meet the 
ventral mesentery below, Figs. 618-20. Thus the narrow passages 
between the body-wall and the liver are closed and a complete septum 
transversum (of 11 is) is formed, shutting off the pericardial cavity ventral 
to the ductus Cuvieri. Later on the liver is to a great extent separated 
off from the septum transversum, remaining attached to it by coronary 
ligaments connected with the hepato-enteric mesentery above and the 
falciform ligament below. The septum transversum is then left as a 
peritoneo-pericardial membrane. 
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The dorsal pericardio-peritoneal passages are later obliterated (in¬ 
completely in Cyclostomes and Selachians) by the approximation and 

final fusion of the splanchnic wall of the oesophagus with the somatic 
wall and mesocardia lateralia. 

Although the septum transversum develops in the Cyclostomes much 
as in other Vertebrates (Goette, 964), their pericardium differs in some 



Fig. 620. 

Scyllium canicula, embryo, 33 mm. long, cut transversely just in front of liver and seen from behind. 
ao y Dorsal aorta; c 9 coracoid region of procartilaginous pectoral girdle ; ca, coeliac artery; ct , cerato- 
trich ; dn 9 diazonal nerve ; g 9 spinal ganglion ; hs 9 horizontal septum ; hv 9 hepatic vein; tev, 
lateral vein ; //, lateral line ; lln 9 lateral-line nerve ; Iv , lateral-line vein ; nc 9 nerve-cord ; fti 9 
notochord ; m, myomere ; md 9 Miillerian duct and funnel ; oes 9 oesophagus ; pc 9 p>osterior cardinal 
vein ; ppc 9 passage to pericardial coelom ; r, rudiment of radial ; rm, radial muscle ; s, mass of 
sympathetic and chromaffine cells ; so, scapular region ; to, transverse septum separating pericardial 
from peritoneal coelom; va 9 vitelline artery; w 9 vitelline vein; yd 9 yolk-duct; ys 9 stalk of yolk- 
sac. Dotted lines show union of large veins to sinus venosus in front. 

important respects. In Myxinoids the dorsal region persists in the adult 
at the side of the oesophagus lodging the pronephros, which extends in 
front of the ductus Cuvieri and is therefore supplied, in part at least, by 
the anterior cardinal vein (p. 508) ; and the pericardial cavity remains 
on the right in open communication with the trunk peritoneal coelom 
by a wide aperture, the persistent dorsal passage, Fig. 679. A similar 
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condition obtains in the Ammocoete larva of the lamprey, Fig. 522 (and 
is said to persist in the adult Petromyzon planeri by Broman). The closed 
pericardial cavity of Petromyzon has its wall strengthened by a cartil¬ 
aginous lamella forming the posterior part of the branchial basket within 
which the pericardium lies. 

Every student of zoology doubtless knows that the pericardial cavity 
communicates with the more posterior peritoneal coelom in Elasmo- 
branchs by a canal below the oesophagus, Fig. 621, which canal 
bifurcates and opens behind by right and left apertures above the liver 
(Monro, 1783). Hochstetter maintained that these pericardio-peritoneal 
openings are formed late in development by a secondary piercing of the 
completed posterior pericardial wall (968). But it has been shown 



g ? S ! lowlng rel ? t !° , i of , tbe sus P e nsory ligaments of liver to mesenteries and pericardio- 
H^ l< i neal C * na F 1 ? an adult Squalus, A, and Scyllium, B. Dorsal parts removed by horizontal cut • 
dorsal view m which canals below the oesophagus are represented by dotted lines, dev, Ductus Cuvieri •’ 
dm, dorsal mesentery ; hg, lateral suspensory ligament of liver, l ; lo, ro, left and right openings of 

can a 1 ^^/ig^r^gh” lateral* siL pensory* f old COel ° m ' int0 “ ° f Pericardio-peritoneal 


(Goodrich, 965) that, as Balfour suggested, they are narrow remnants of the 
original wider passages found in earlier stages dorsally to the mesocardia 
lateralia, and that in these fishes the closing off of the pericardial from 
the peritoneal cavities is never completed. The dorsal passages become 
constricted by the obliteration of the dorsal region of the pericardial coelom 
due to concrescence of the oesophagus with the roof and sides of the 
pericardial cavity, but remain as small openings, situated at first opposite 
and below the Mullerian funnels, and later shifting on to the ventral side of 
the oesophagus. A median depression of the hind wall of the pericardiai 
coelom forms the anterior median part of the communication, and the 
original paired openings get carried back to their position in the adult. 

Whether the pericardio-peritoneal opening in Chondrostei is likewise 

a remnant of the original communication does not seem to have been 
determined. 
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THE MESENTERIES AND BURSA OMENTA LIS 

The splanchnic coelom being of paired origin, the primitive mesentery 
first appears as a complete partition between the right and left coelomic 
cavities (Balfour, 317). It is formed of the two layers of coelomic 
epithelium and the intervening splanchnic mesoblast, mesenchymatous 
tissue surrounding the gut in the middle, the longitudinal dorsal blood¬ 
vessel or aorta above, and the longitudinal ventral vessel below, Figs. 1 and 
5 - Suspending the alimentary canal, the mesentery also affords access to 
it for blood-vessels, nerves, and lymph-channels, yet it never remains quite 
complete in the adult, being pierced more or less extensively by secondary 
perforations allowing communication from side to side. The primitive 
mesentery may be distinguished into a dorsal region above the gut and 
a ventral region below it. 'I he dorsal mesentery remains complete in 
Mammals and Reptiles, but may be pierced in Birds and Amphibians, 
and is generally very much reduced in Selachians and Actinopterygians. 
With rare exceptions, such as the Anguilliformes, Dipnoi, and Lepidosteus , 
the ventral mesentery is so extensively perforated that it disappears 
almost entirely below the mid- and hind-gut, thus facilitating the coiling 
of the intestine and allowing free play for its peristaltic movements. 

I he dorsal mesentery is often again subdivided for descriptive purposes 
in higher forms into the mesogastrium or great omentum, mesoduodenum, 
mesentery proper, mesocolon, and mesorectum, according as these 
various regions support the stomach, duodenum, small intestine, colon, 
and rectum. I hat portion of the ventral mesentery, lying in front of the 
septum transversum (see p. 536) and supporting the ventral blood-vessel 
which here becomes transformed into the heart, is known as the meso- 
cardium. It is a very transitory membrane, and soon both the dorsal 

mesocardium and the ventral disappear above and below the heart, 
Figs. 551-2. 

Behind the septum transversum the ventral mesentery usually persists 
as the omentum minus or hepato-enteric ligament, between the gut and 
the liver ; and below the liver as the falciform or median ventral hepatic 
ligament, extending as far as the umbilicus. A small portion of the ventral 
mesentery may also remain below the rectum supporting the allantoic 
bladder. The digestive glands, being diverticula of the fore-gut im¬ 
mediately behind the septum transversum, grow out into the mesentery. 

A longitudinal ventral hepatic groove appears in the embryo and be¬ 
comes subdivided into an upper anterior hepatic and a lower posterior 
cystic diverticulum, Figs. 618, 622, 652. The former, branching in the 
septum transversum and ventral mesentery, soon gives rise to a bulky 
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Fig. 622. 

embryo of eight days (from F. R. Lillie, Deve 
anus; A .o.tn, omphalomesenteric artery • B.F 
assure ; c.C, central canal , Ch.op, optic chiasma 
’.Ao, dorsal aorta ; D.Hyp , duct of hypophysis • 
ace of hemisphere barely touched by section • //• 
arch of eighth vertebra; Nas, nasal cavity'; O 
/sis ; 1 C, pericardial cavity ; Rec.op, recessi 
1 t ?^ ue j Tel.Med, Telencephalon medium 
and thirtieth vertebral centra; r.A, right aurick 
LTic vein ; V .umb, umbilical vein. 


BURSA OMENTALIS 



622 


SUBDIVISION OF COELOM chap. 

liver bulging backwards into the trunk coelom. While the posterior 
diverticulum yields the gall-bladder, the base of the hepatic outgrowth 
becomes narrowed and lengthened to form the bile-duct or ductus chole- 
dochus, running along the ventral free edge of the lesser omentum to 
open into the duodenum. Two paired outgrowths from the base of the 
primitive hepatic diverticulum and one dorsal outgrowth from the fore¬ 
gut above them give rise to the pancreas. 

The ventral pancreas, whose duct (ductus Wirsungnianus) opens at or 

near the base of the bile-duct, grows upwards next the stomach, and 

usually fuses with the dorsal pancreas ; the bulk of the ventral pancreas 

is derived almost exclusively from the right rudiment. The dorsal 

pancreas extending in the dorsal mesentery may retain its own duct 
(ductus Santorini). 1 

The endodermal (hypoblastic) gut of Vertebrates can be divided into 

fore-, mid-, and hind-gut; the mid-gut being that portion in the ventral 

wall of which is stored the bulk of the yolk in the embryo. It is here that 

the yolk-stalk or vitelline duct is formed by the constriction of the embryo 

from the yolk-sac in those forms where the yolk is very abundant, and it is 

below this region of the gut that the ventral mesentery is invariably 

interrupted. From the fore-gut arise the pharynx with its gill-pouches 

and lungs, the oesophagus, and, immediately behind the septum trans- 

versum, the stomach ; lastly, the hepatic and pancreatic diverticula 

grow out from it just in front of the anterior portal or front end of the 

mid-gut. From this region backwards extends the mid-gut as far as the 

caecum ; it is a region variously differentiated in the different classes, 

and comprising the main part of the intestine. The hind-gut gives rise 

to the caecum, colon, and rectum, with the allantoic bladder in the higher 
forms. 

Having thus outlined the main morphological relation of these parts, 
we may proceed to describe those developments which lead up to*the 
formation of various recesses, and especially of the lesser peritoneal cavity 
or bursa omentalis opening into the main peritoneal cavity by the 
foramen of Winslow in the Mammalia. 

All the Gnathostomata have a markedly asymmetrical fore-gut, due 
to the development of a large well-differentiated stomach from the region 
ly 11 ^ just behind the septum transversum and in front of the hepatic 

1 No ventral pancreas has been found in Cyclostomes and Selachians. 

The suggestion made by Goette and Laguesse that some of the hepatic 
diverticula may represent it seems not to be justified (Brachet, 993). It is 

possible that the function of the ventral pancreas differs from that of the 
dorsal. 
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diverticulum. Since the anterior end of the duodenum remains,so to speak, 
firmly held in place by the lesser omentum and contained bile-duct, the 
gut is bent to the left to accommodate the growing stomach carrying the 
mesenteries with it. A depression is thus formed on the right side of the 
mesentery and extending over the dorsal side of the stomach and back¬ 
wards between the stomach, spleen, and pancreas ; it is the first beginning 
of a bursa omentalis, or rather that region of it distinguished later as the 
bursa omenti majoris. 

This is the condition of the bursa omentalis in the Selachian embryo 
(Phisalix, 1885 ; Broman, 959), where it is a shallow depression widely 
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Fig. 623. 

Mus musculus, embryo cut transversely and reconstructed. A, Through pericardial region 
antenor vjew ; B, through stomach, posterior view, a, Aorta ; abc, abdominal (peritoneal) coelom • 
ac, right anterior cardinal ; at, atrium ; bo, bursa omentalis ; c, bulbus cordis : eb gall-bladder • 

S C ’ ngh , 1 P°?i e " or c £ rd J naI ; pl, pleural coelom; ppc, pleuro peritoneal passage 
r right lobe of liver ; rl, right lung bud ; ruv, right umbilical vein ; st, stomach ; si- opening to 
sinus venosus ; tr, trachea ; v, ventricle ; vc, vena cava inferior. ’ ’ opeDm e to 


open to the general trunk coelom on the right, and marked off above 
by an overhanging ridge of the dorsal mesentery, the plica meso- 
gastrica, but leading back to a deep blind pocket between the stomach 
and pancreas, the recessus pancreatico-entericus. This latter recess opens 
behind the coeliac artery, which becomes freed from the mesentery at 
a very early stage. In later development the mesentery becomes so 
defective that scarcely any trace of the bursa remains in the adult; and 
the same may be said of most of the Pisces. 

Already in the Dipnoi, however, begin to appear the important changes 
and complications characteristic of the Tetrapoda, and correlated for the 
most part with the development of the lungs and the vena cava. In 



624 


CHAP. 


SUBDIVISION OF COELOM 

these higher Vertebrates, the stomach becomes more differentiated and 
more bent away from the middle line, and the bursa omentalis corre¬ 
spondingly enlarged and deepened. Figs. 628, 650. Pushing its way 
between the mesenteries and viscera, and tending to wrap round the 
alimentary canal, it forms special recesses which all communicate with the 
general trunk coelom on the right by an opening, the hiatus communis 
re c e s s u m (primitive foramen of Winslow), behind the liver. Dorsally the 
recessus pancreaticus-entericus extends back into a blind pocket spreading 
over the right surface of the stomach ; ventrally a recessus hepato- 
entericus, bounded below by the lesser omentum, extends forwards above 
the liver where it passes into the right pneumato-enteric recess, the origin 
of which will be described below. The hiatus communis recessum or 
primitive foramen of Winslow is at first large and without definite posterior 
margin ; but it gradually becomes constricted by surrounding structures. 
It is bounded in front by the liver, above by the plica mesogastrica, and 
below by the edge of the lesser omentum holding the portal vein, hepatic 
artery, and bile-duct. The plica mesogastrica contains the vena cava 
inferior (thus forming the dorsal fold called Hohlenvenengekrose by 
Hochstetter, and Vena-cava-falte by Ravn), and, as the right dorso-lateral 
lobe of the liver grows backwards along the vein into the fold, the opening 
becomes restricted from in front. Further, in the Amniota, the coeliac 
artery and its branch the hepatic artery draw out a fold from the mesentery 
projecting on the right and from behind, so that the plica mesogastrica 
now splits into an outer plica venae cavae and an inner plica arteriae 
coeliacae ; a small cavo-coeliac recess between them becomes the atrium 
or vestibulum bursae omentalis, just within the foramen epiploicum 
Winslowi in the mammal. The coeliac fold tends to separate the 

bursa omenti majoris on the left from the bursa omenti minoris on 
the right. 


THE PULMONARY FOLDS AND RECESSES 

An important new feature in the anatomy of the air-breathing verte¬ 
brates is the outgrowth from the wall of the oesophagus of an accessory 
mesentery, lateral mesenterial or pulmonary fold (Nebengekrose, pulmo- 
hepatic ligament of Butler, mesolateral of Brachet), to support the 
lung. When the mesoblastic pulmonary thickening grows outwards and 
backwards from the pharynx a pocket is formed behind it into whose 
outer wall pushes the hypoblastic lung-bud. This outer wall becomes 
later developed into a membrane, subdivided by the lung into a dorsal 
* pulmonary ligament ’ attached to the median mesentery above, and a 
ventral ‘ pulmonary ligament ’ attached to the edge of the lateral lobe 
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of the liver below, Figs. 624, 630. 
ligaments or accessory mesenteries, 
simply the right and left pulmonary 
folds. In front this pulmonary fold 
is attached to the oesophagus, the 
root of the lung, and the septum 
transversum above the sinus venosus; 
it passes, therefore, on the inner side 
of the original pericardiaco-pleuro- 
peritoneal communications, while the 
nephric fold passes to the outer side 
of these openings (see p. 631). Thus 
a deep recess may be cut off from the 
general peritoneal cavity on either side 
of the median mesentery between it 
and the pulmonary folds, or in other 
words between the oesophagus, lung, 
and liver, Figs. 628-9. These pul¬ 
monary or pneumato-enteric recesses 


We shall call these membranes, 



Fig. 624. 

Diagram of dorsal surface of liver of a Tetra- 
pod (modified from Broman) ; white areas 
bounded by dotted line indicate attachments 
of median mesentery, ims, left pulmonary 
fold, ipf, and right pulmonary fold, rpf. 
bd. Bile duct ; ha, hepatic artery ; //, left 
lobe of liver ; Iphr, left pulmohepatic recess ; 
pv, portal vein ; rl, right lobe ; rphr, right 
pulmohepatic recess; si, dorsal lobe ; sir, 
hind surface of septum transversum; vci, 
vena cava inferior. 


(pulmo-hepatic recesses of Butler, 

962-3) are blind in front, but open behind the free edge of the 





Fig. 625. 

ao S lwS tu i ra t tnacul ? 5a > 9 ! c L llt transversely through anterior trunk region and viewed from behind, 
duct ^tro hepatic region of mesentery ; ll, left lung; Iv, liver; md, Mullerian 

7 e & h T f0l<1 ? u mf ' , Mul,enan (° vi <iucal) funnel ; ms, subhepatic mesentery ; 
PJ, nght pulmonary fold closing right pulmonary recess ; st, stomach ; vc, vena cava inferior. 


pulmonary folds. Generally the lungs bulge on the outer surface 
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Fig. 626. 

Salamandra, larva. Reconstructed thick transverse section, posterior view, bv, Ligament from 
rih to vestigial basivcntral ; co, coracoid region ; da, dorsal aorta ; dm, dorsal muscles ; h, humerus ; 
lln, lateral-line nerve ; Im, limb muscles ; mesd, dorsal mesentery ; mesv, ventral mesentery ; 
msfi, mesonephros ; na, neural arch ; nc, nerve cord ; nt, notochord ; oes, oesophagus ; pev, posterior 
cardinal vein ; r , rib ; rb, rib-bearing cartilage ; s, lateral septum (part of nephric fold) ; sc, scapular 
region ; t, tuberculum ; Its, transverse septum closing pericardial cavity ; va, vertebral artery ; 
vc\, vena cava inferior ; vtn, ventral muscles. 



Fig. 627. 

Amblystoma tigrinnm, transverse sections of larva 28 mm. long. A, Through pectoral girdle ; 
B, farther back, ao. Dorsal aorta ; co, coracoid plate ; gl, glomus ; It, liver ; llg, left lung ; nt, 
notochord ; oes, oesophagus ; p, point of fusion between pulmonary fold and coclomic wall ; pd, 
pronephric duct ; pf, pronephric nephrocoelostome ; rig, right lung ; rpr, right pulmonary recess ; 
sc, scapular region ; spl, spleen ; st, stomach ; ret, vena cava inferior ; vl, ventral mesentery. 
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of the pulmonary folds into the pleural region of the coelom, and their 
posterior tips may grow out freely. As a rule, the left pulmonary 
fold (ligamentum-hepato-pulmonale of Mathes, 973) is much less developed 
than the right (ligamentum-hepato-cavo-pulmonale of Mathes, 973); and 
although its dorsal region may stretch far back, its ventral pulmonary 
ligament bounding the wide aperture into the general peritoneal cavity 
is usually much shorter, so that the left recess becomes much reduced. 
Indeed in all the Mammalia the left pulmonary fold and recess are quite 



Fig. 628. 


Diagram of anterior trunk region of a Tetrapod (Lizard), cut longitudinally so as to expose inner 
view of left side in A, and right side in B. bd, Bile duct ; dl, dorsal lobe of liver in dorsal pulmonary 
10 / xltf ’ ■' fol(i ’ g> Bonad ; gb, gall-bladder ; i, intestine ; k, mesonephros ; l, liver ; Ig, lung ; 

Mullerian duct (part of it cut away in A); mf, its funnel; mh, subhepatic mesentery; nf, 
nephric fold ; sp, spleen ; st, stomach ; vci, vena cava inferior ; ms, ventral mesentery ; i >pf, 
ventral pulmonary fold. An arrow passes into pulmonary recess. 


vestigial even in the embryo, and unrecognisable in the adult. On the 
other hand, the right pulmonary fold is usually fully developed. Its 
dorsal fold extends backwards as the plica mesogastrica, and becomes 
converted into the plica venae cavae, being invaded by the vena cava 
and the dorso-lateral lobe of the liver growing up into its posterior margin. 
Therefore the right pneumato-enteric recess is continuous above the liver 
with the recessus hepato-entericus, and opens into the general peritoneal 
cavity, not independently like the left recess, but in common with the 
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other mesenterial recesses by the primary foramen of Winslow (hiatus 
communis). The bursa omentalis extends, then, not only into the bursa 
omenti majons and bursa omenti minoris. but also forwards into the 
recessus pneumato-entericus. That dorsal region of the liver which is 
included between the mesentery and the pulmonary fold, and forms the 
floor of the bursa, develops into the Spigelian lobe ; a corresponding lobe 




Fig. 629. 

Diagrammatic transverse sections through a Tetrapod (I 
A v F " forward ; B, through hind end of lungs ; 

Bde duct da, dorsal aorta; ha, hepatic artery; li, 
fold; Ipr, left pulmonary recess; luv, left umbilical vein; 
tnes, dorsal mesentery ; mn, mesonephros ; nf, nephric fold 
pv portal vein ; rig, right lung ; rli, right lobe of liver 
pulmonary recess ; si stomach ; vet, vena cava inferior 
part of pulmonary fold. 


.acertilian) showing subdivision of splanch- 
C, behind lungs. All seen from behind, 
liver ; llg, left lung ; Ipf, left pulmonary 
md, Mullerian duct, and mf, its funnel; 
; ocs, oesophagus ; pc, posterior cardinal ; 
; rpf, right pulmonary fold ; rpr, right 
; vms, ventral mesentery ; vpf, ventral 


may be delimited on the left side in those forms where the left pulmonary 
fold is well developed. 

Certain modifications of the mesenteries and recesses in the various 
classes of the Tetrapoda may now be noticed (Broman, 959, 960). 

Amphibia. Although normally developed in the embryo, the recesses 
usually become much modified in the adult, especially in the Anura. In 
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these amphibians the hiatus communis recessum persists ; but the re- 





Fig. 630. 

Transverse sections of embryo I^icerta, before closure of pericardial coelom. A, Most anterior 
through septum transversum ; D, most posterior, bd, Bile duct ; c, general splanchnic coelom ; 
da, dorsal aorta ; dc , ductus Cuvieri ; h, heart ; int, intestine ; li, liver ; Ipr , left pulmonary recess ; 
lui\ kit umbilical vein ; tnd, Mullerian duct ; m/, Mullerian funnel ; mn, mesonephros ; nf\ nephric 
fold ; oes, oesophagus in mesentery between pulmonary recesses; p, pericardial coelom’; ppm, pen- 
cardio peritoneal membrane ; rig, right lung in pulmonary fold ; rpr, right pulmonary recess ; 
ruv, right umbilical vein ; st, stomach ; sv 9 sinus vcnosus ; sy t sympathetic ; r, wall of ventricle * 
vci, vena cava inferior. 


cesses almost entirely disappear owing 


to the reduction of the pulmonary 
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folds and the perforation of the omentum minus. The left pneumato- 
enteric recess generally is very small, as the accessory mesentery is much 
reduced ventrally, in the Urodela, Figs. 625-7, and Gymnophiona; but 
the bursa omentalis is well developed, formed as usual by the combination 
of the right pneumato-enteric recess with the hepato-enteric and the 
pancreatico-enteric recesses. However, except in Cryptobranchus and 
Alenopoma , it seems always to be completely shut off on the right by 
the closure of the hiatus due to the fusion of the posterior edge of the 
pulmonary fold with the median mesentery. Communication with the 
general coelom is then brought about by the perforation of the dorsal 
mesentery (except in Amphiumo). 

Reptilia.—As a rule the recesses are well marked in the adult, Figs. 628- 
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Fig. 631. 

Egcrma Cunninghami, 9 ; right-side view of mid-trunk opened by removal of body-wall, ini, 
Intestine ; li, liver ; mi, Mullerian duct ; mcs, dorsal mesentery ; pcf, posterior closing fold ; rig, 
hind end of right lung ; rpf, right pulmonary fold ; vf, ventral lateral fold ; vm, ventral mesentery 
(subhepatic ligament). 


631, the primitive foramen of Winslow remains large and open (except in 
Amphisboenids and some Chelonia, Emys ), and the plica arteriae coeliacae 
is much developed, especially in Lacertilia, partially cutting off an extensive 
bursa omenti majoris. The lizard Agama has a dorsal right recessus 
pneumato-entericus communicating as usual with the recessus hepato- 
entericus, as well as a ventral right recessus pneumato-entericus opening 
independently to the general trunk coelom. In the Tejidae, Anguidae, 
Gongylus , and Amphisbaenidae, the right pneumato-enteric recess also 
opens independently (Broman). 

The condition of the recesses and mesenteries in the Aves is compli¬ 
cated by the development of air-sacs and a post-hepatic septum, a structure 
already found in the Tejidae and Crocodilia, whose origin will be discussed 
later (p. 641), Figs. 633, 640. 
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Mammalia. —The left pneumato-enteric recess is here vestigial, 
disappearing in the adult, and often scarcely visible even in the embryo. 
On the right, all the recesses join to open by the clearly circumscribed 
foramen of Winslow ; but the anterior tip of the pneumato-enteric recess 
becomes nipped off by the diaphragm as a separate small closed cavity 
in the thorax (see p. 654). Accompanying the rotation of the stomach to 
the left there is a great development of the mesogastrium, forming a 
large ventral sac, the great omentum, enclosing an extension of the bursa 
omenti majoris. The walls of this sac usually come together in the adult 
so as to obliterate the cavity. 

THE NEPHRIC FOLDS 

Yet another peritoneal fold remains to be described which plays an 
important part in the subdivision of the trunk coelom in the higher 
Vertebrates (Bertelli, 954; Rabl, 1049; Hochstetter, 967). In the 
Selachian, Figs. 619, 669, 670, a longitudinal fold runs forwards on 
each side along the dorsal wall of the trunk coelom from the anterior 
end of the mesonephros to the body-wall just behind the ductus 
Cuvieri and septum transversum, along which it passes to the dorsal 
edge of the lateral lobe of the liver. Primitively this nephric fold 
(a name we prefer to that of pronephric or mesonephric fold applied 
to it by most authors) is derived from the nephric ridge in which 
develop the pronephros in front and the mesonephros farther back, 
Figs. 628-30. In the female sex it remains as the mesorchium, a 
mesenterial fold supporting the Mullerian funnel and duct. Now these 
nephric folds are constant and important features in the anatomy of 
Craniates, being especially well developed in the higher Gnathostomes, 
where they undergo many modifications, tending to separate off a pleural 
division of the coelom in Reptiles, and contributing to the diaphragm in 
Mammals. The early stages in their development are very similar 
in all Gnathostomata, see Figs. 620, 629, 633, where they are seen 
bearing the oviducal funnel on their free edge and cutting off an 
anterior coelomic recess on each side. But they are situated on the outer 
side of the embryonic dorsal pericardiaco-peritoneal passage, and must 
not be confused with the true accessory mesenteries or pulmonary folds 

of the air-breathing vertebrates which are situated on the inner side of 
these passages next to the oesophagus. 1 

1 The paired hepatic mesenterial folds described bv Goette in the larva of 

A°y Z ° n arC therefore nephric folds and not accessory mesenteries as he 
and Maurer state. 
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THE COELOMIC SEPTA IN AVES 

We may now pass to the consideration of the various septa which 
subdivide the coelom in Birds, a subject which has long attracted the 
interest of anatomists since the days of Aristotle, yet is still but incom¬ 
pletely understood. The avian heart is situated far back, the pericardium 
resting immediately on the sternum or, as in Passeres, separated from it 
by a backward extension of the interclavicular air-sac ; the compact 
lungs are pressed close up against ribs and vertebral column, the inter¬ 
mediate air-sacs passing down from them along the inner side of the 
body-wall ; the large liver reaches forward, its lateral lobes extending on 



Fig. 632. 

Corvus corone, inner view of right half cut longitudinally to left of middle line, cl, Clavicle ; clo, 
cloacal aperture ; d, diverticulum of interclavicular sac ; ht, heart in pericardial coelom; k, kidney; 
ic, intestinal chamber of coelom ; icl, interclavicular air-sac ; ms, ventral mesentery ; obi, top of 
oblique septum ; ocs, oesophagus ; phs, post-hepatic septum; pic, left pleural coelom (lung removed); 
pw, posterior wall of pleural cavity ; st, sternum ; tr, trachea. 

either side of the pericardium and backwards beyond it, Figs. 608-9. 
The disposition of the viscera is thus very different from that seen in the 
Mammalia, where the liver ‘is pushed back and the pericardium flanked 
by the lungs. In addition to the median mesentery and the pericardial 
wall or pericardio-peritoneal membrane, four membranous partitions 
may be distinguished in birds subdividing the body-cavities—three 
longitudinal and one obliquely transverse. The first longitudinal mem¬ 
brane stretches almost horizontally across the thoracic region, really in 
two halves running from its attachment to the median mesentery to the 
body-wall below the lungs, which adhere to its dorsal surface. This 
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more dorsal membrane, the pulmonary aponeurosis of Huxley, 911 
(diaphragme pulmonaire of Sappey, diaphragmite anterieur of Milne- 
Edwards, diaframmo ornitico of Bertelli), in front joins the cervical 
aponeurosis, roots of the lungs and septum transversum, and the body- 
wall at the sides on the inner face of the ribs ; behind it passes upwards 
to below the vertebral column between the lungs and the kidneys, thus 
completely cutting off the lungs and remains of the pleural cavities above 
from the air-sacs below, being pierced only by ostia leading from the 
former to the latter. As a rule striated muscles — costo-pulmonary 
supplied from corresponding spinal nerves, and sometimes anterior 
sterno-costal muscles as well—extend from the ribs into the membrane, 
Figs. 609, 637. 

The second longitudinal membrane is the oblique septu m of Huxley 
(diaphragme thoraco-abdominal of Sappey, diaphragmite thoraco¬ 
abdominal of Milne-Edwards), attached dorsally to the median mesentery 
where it meets the pulmonary aponeurosis, and ventrally to the body- 
wall at or near the edge of the sternum. It may contain unstriated 
muscle fibres passing forward from the pubis, and extends forwards to 
the cervical aponeurosis forming the ventral inner wall of the intermediate 
air-sacs, and backwards to the body-wall as a very thin membrane 
covering the abdominal sacs. Behind the intermediate sacs the oblique 
septum meets the post-hepatic septum (see below, p. 639), beyond which 
in all birds except the Apteryx (Ow r en, 1863 ; Huxley, 911) the abdominal 
air-sacs project into the intestinal division of the peritoneal cavity. The 
space between the pulmonary aponeurosis and oblique septum is entirely 
occupied by the air-sacs, and is not of coelomic origin. 

The next partition to be mentioned is the post-hepatic septum, so 
named by Butler (962-3), who first clearly described its relations and 
homologies, Figs. 608, 632. It is a transverse membrane stretching 
obliquely backwards from the oblique septum above to the lateral and 
ventral body-wall below (Milne-Edwards, 1867; Campana, 894; 
Weldon, 1883; Bignon, 1887-9; Butler, 962; Beddard, 953; Broman, 
959 ; Hochstetter, 969 ; Poole, 974), and is formed of two halves 
passing outwards from the dorsal mesentery and the ventral mesen¬ 
tery. Dorsally the post-hepatic septum is continuous with the oblique 
septum and pulmonary aponeurosis, where these combine above the 
liver and behind the lungs ; this region is distinguished by Butler as 
the oblique abdominal septum (passing across between the abdominal 
sacs, and lined on both sides by coelomic epithelium) from the true oblique 
septum (underlying the thoracic sacs and lined with coelomic epithelium 
on the ventral side only). Ventrally the post-hepatic septum encloses the 
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Fig. 633. 

Transverse sections of 5-day chick, Gallus : A, Most anterior ; C, most posterior, a, Dorsal aorta ; 
c, splanchnocoele ; g, gut ; Idc, left ductus Cuvieri ; ll, left lung ; lo, opening of left pulmonary 
recess ; Ipf, left pulmonary fold ; Iplc and rplc, left and right pleural coelom still open behind : Ipr 
and rpr, left and right pulmonary recess ; lv, liver ; mf, Mullerian funnel ; mts, mesonephric duct ; 
msn, mesonephros ; oes, oesophagus ; pa, pulmonary artery ; pc, posterior cardinal ; pf, pulmonary 
fold ; prd, pronephric duct ; pv, pulmonary vein ; rl, right lung. 
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gizzard, and thus completes a partition subdividing the original peritoneal 
coelom into a posterior cavity enclosing the intestine, kidneys, and genital 
organs, and an anterior cavity enclosing the liver. Now the latter cavity 
is further subdivided into four by the complete ventral mesentery reaching 
the post-hepatic septum, and the third longitudinal membrane which may 
be (ailed the horizontal hepatic ligament (ventral part of Butler’s 
pulmo-hepatic ligament). This membrane separates on each side the pneu- 



A iVi. 

hi, liepatic^hgainent' (venuTn^T °V atC aas - Abdominal air-sac : eoejiac artery; 

Ipr, left puhnSnary recess tv K , Pulmonary fold) ; Us, left Jiver-sac ; Inf, left nephnc fold , 

• 1 ■ sternum r'aa.'umbilical vebi’; r ‘ ght “ righ * "" 


mato-enteric recess above from a ventral cavity into which bulges the liver, 
the so-called liver-sac of Butler. While the right pneumato-enteric recess 
is quite closed by the obliteration of the foramen of Winslow, except m 
so far as it may open into the left recess by secondary perforation of the 
median mesentery, this left pneumato-enteric recess may still communicate 
with the intestinal coelomic chamber by a narrow slit between the gizzard 
and the body-wall (wall of the left abdominal air-sac), due to the incom¬ 
plete formation of the post-hepatic septum at this point. 

Development of Avian Septa.— The morphology of these avian septa 
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can only be understood from a knowledge of their development, now 
fairly complete, thanks to the work of Butler (962), Ravn (977), 
Ilochstetter (835), Bertelli (955), and Poole (974). The development of 
the septum transversum, studied in detail by Ravn and Brouha (961), 
differs in no important respect from that described above for the 
Tetrapods in general. Owing to the backward movement of the heart 
it becomes very oblique. The median mass, overspreading the anterior 
face of the liver and passing downwards and backwards into the 
median hepatic ligament or ventral mesentery, joins the lateral closing 
folds running down the body-wall from the mesocardia lateralia and 


ec 
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Fig. 636. 

Passer dottiest icus, embryo late stage ; transverse section showing development of anterior thoracic 
air-sac in pulmonary fold, ec, F'xcurrent bronchus opening into sac ; la, left auricle ; pa, pulmonary 
artery ; pc, pericardial coelom ; pic, pleural coelom ; pv, pulmonary vein ; ra, right auricle ; rc, 
recurrent bronchus ; thas, thoracic air-sac. 


enclosing the umbilical veins. Thus, on the eighth day in the chick 
the lower coelomic passages are closed. As usual the dorsal passages 
are closed by the fusion of the ductus Cuvieri with the pulmonary 
thickenings of the oesophagus, and the pericardium is now shut off by 
the septum transversum extending over it as a thin pericardio-peritoneal 
membrane, from which the liver becomes separated off later. The 
membrane is further increased by the extension forward and downward 
of the peritoneal cavity (and liver) at the sides of the pericardium. The 
well-developed and nearly symmetrical pulmonary folds (accessory 
mesenteries) play an important part in the formation of the avian septa, 
lugs. 633-7. Forming, of course, the outer walls of the pneumato- 
enteric recesses, they spread outwards (chick, sixth day) attached to 
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the edge of the lateral lobes of the liver, and give rise to the floor 
of the future pleural cavities, into which the lungs project on their 
dorso-lateral surface. At this stage the pleural cavities still open widely 
behind, and also by narrow slits at the sides, between liver and body- 
wall, into the peritoneal cavity. With this cavity the left pneumato- 
enteric recess communicates by a long aperture in front of the stomach, 
t e v entral region of the pulmonary fold being less developed than the 
orsal. On the right side the usual bursa omentalis is developed ; but 



Fig. 637. 

sac through pi 1 monaryTponeu?Ss is^h h^5 °/eft pfurrent Passage from lung to air- 

^d7eSX : J- : * f^ n |ulSon m a^L%nTu’iSr ; n % 


the primitive foramen of Winslow is closed by the backward growth and 
fusion of the pulmonary fold, and the bursa omenti majoris may become 
cut off by fusion of the plica arteriae coeliacae, and subsequently more 
or less completely obliterated (Butler (962), Broman (959), in Callus). 

Meanwhile the pleural cavities become shut off as follows. The 
pulmonary folds attached ventrally to the liver lobes are stretched out¬ 
wards, and fuse progressively from before backwards with the somatic 
wall. The fusion, starting from the septum transversum, is helped by an 
ingrowing shelf of the body-wall (E.S.G.), and occurs just below the line 
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of attachment of the nephric fold, which, however, takes little or no share 
in the process. In this way the pulmonary fold becomes bent and 
subdivided into a more dorsal pleuro-peritoneal membrane passing 
below the lungs to the body-wall, and a more ventral part, the future 
horizontal hepatic ligament, from the body-wall to the liver. The 
former is the roof and the latter the ventro - lateral wall of the 
pneumato-hepatic recess. Thus the pleural coelom above is cut off on 
each side from the coelomic cavity below destined to become the liver- 
sac. The pleural cavities become later completely closed behind by the 
extension backwards of the pleuro-peritoneal membranes which meet 
posterior closing folds, transverse growths of connective tissue from the 
median mesentery in front of the kidney and dorsal to the attachment 
of the pulmonary folds. At this stage, then, the median ventral peri¬ 
cardial and two dorsal pleural cavities have been closed off. Later on 
the lungs press against the ribs, and obliterate the pleural cavities. 

In the meantime three paired hollow outgrowths from the bronchi, 
rudiments of the intermediate and abdominal air-sacs (see p. 600), penetrate 
into the dorsal region of the pulmonary fold. Here the intermediate sacs 
expand, growing outwards and downwards, thus splitting the fold into the 
upper pulmonary aponeurosis and the lower oblique septum (Butler, 
963). Between the sacs the tissue is reduced to thin vertical septa. Into 
the post-pulmonary mass of tissue forming the thickened edge of the 
pulmonary folds extend the rudiments of the abdominal air-sacs. Each 
sac becomes applied to and fuses with the lateral abdominal wall, along 
which it grows. The unsplit portion of the pulmonary folds, stretching 
between the sacs, the median mesentery and gastric loop of the gut, 
form that dorsal region of the post-hepatic septum called oblique 
abdominal septum by Butler (see p. 633). 

The development of the ventral region of the post-hepatic septum is 

difficult to make out. Butler (963), Poole (974), and Hochstetter (969) 

all derive it wholly or in part from the ventral mesentery. The gastric 

portion of this mesentery is greatly extended on the left side and fusing 

with the body-wall binds the stomach to it. The ventral gastric fold thus 

formed grows up so as to meet the oblique abdominal septum above 

and the wall of the abdominal air-sac at the side. As mentioned 

above, a communication remains at this point between the left recess 

and the intestinal coelom. The right portion of the ventral post-hepatic 

septum seems to be formed by the lateral and dorsal growth of the free 

posterior edge of the ventral mesentery along the body-wall, until it 
meets the oblique abdominal septum. 
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THE SUBDIVISION OF THE COELOM IN REPTILIA 

We naturally turn to the Reptilia for an explanation of the origin of 
the avian septa. As a rule, in this class the pleural region of the coelom 
is not shut off from the remainder of the body-cavity ; but in the Lacer- 
tilia * becomes partially closed owing to the development of a very deep 
nephric fold, forming a pleuro-peritoneal membrane sometimes attached 
ventrally to the body-wall as well as the liver, Figs. 628, 631. 
Hochstetter has also described a vertical posterior closing fold extending 
from the mesentery behind the tip of the right lung (a vestige of a 



Fig. 638. 


<*. Z£f°tS/r&t 1 r wrumSi 4' in Duodenum = «*■ >«• »«:= 

ra, right aortic arch ; ruv, right umbilical vein ; s pt, septum. ’ ’ nerve ' cord » n P l > neural plate * 


similar fold occurs in some species on the left), which he considers to be 
homologous with the similar fold found in the embryo of mammals (and 
birds?). Fig. 631. When the nephric fold joins the posterior fold, as in 
Stelho, only a narrow aperture of communication remains from the pleural 
to the peritoneal cavity on the right; in Agama even this opening is closed 
(Hochstetter, 967). Although bearing a certain superficial resemblance to 
the dorsal diaphragm of the mammal, there can be little doubt that this 
pleural wall is a special development in the Lacertilian. With the oblique 
septum of the bird it, of course, has no connexion. On the other hand, in 
the Varanidae, where the pleural cavity is obliterated and the lungs are 
pressed up against the vertebral column and ribs, there is a membrane 
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extending from the body-wall and covering the lungs below somewhat as 
in birds ; but there is no evidence that it is really derived from the 
pulmonary folds. In the Chelonia, however, the lungs adhere to the 
body-wall above, and are partially (Emys) or entirely ( Testudo ) shut off 
from the peritoneal cavity by a septum which, according to Bertelli, is 
developed by the spreading outwards and fusion with the body-wall of the 
pulmonary folds, just as in birds, Fig. 638. These conditions deserve 
further study. 

It is in the Crocodilia, which as Huxley maintained are of all living 
reptiles the most closely allied to birds, that we might expect to find the 
avian septa developed ; and in the Crocodile, indeed, there is a complete 
post-hepatic septum shutting off pleural cavities, pulmo-hepatic cavities, 
and liver-sacs from an in¬ 
testinal chamber behind 
(Huxley, 911 ; Butler, 962; 

Poole, 974 ; Hochstetter, 

969). Nevertheless, the 
pleural cavity is held by 
Butler and Hochstetter not 
to correspond strictly to 
that of birds, since it 
appears to be cut off from 
the ventral liver-sac by the 
adhesion of the liver lobes 
to the body-wall (ventral 
oblique hepatic ligament), 
and not by the lateral fusion 
of the pulmo-hepatic liga¬ 
ment. A short fold passing inwards from the ventral body-wall between 
the liver and the lung is supposed to represent a rudiment of the ' avian 
diaphragm ’ (Butler, 962). Yet it seems not impossible that the ventral 
oblique hepatic ligament really represents the outer region of the pulmo- 
hepatic ligament which has shifted downwards, in which case the septa 
and cavities of the Crocodile would correspond almost exactly with those 
of a bird, excepting, of course, for the absence of air-sacs, Figs. 639, 640. 

As for the origin of the post-hepatic septum itself, Butler has shown 
that it exists in an incomplete state in the family Tejidae alone among 
Lacertilia. In Tttpinambis, for instance, two folds diverge right and left 
from the hinder margin of the ventral mesentery ; they are attached to 
the ventral and lateral body-wall, and have a free dorsal edge bounding a 
small opening on the left and a larger on the right, communications 
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Fig. 639. 

View from behind of post-hepatic septum of Crocodilus 
niloticus (from Hochstetter. 1906). acm, Coeliaco- 
mesentenc artery ; a/,, dorsal aorta ; she, limit of saccus 
hepato-entericus (left pulmonary recess), and shpe, of right 
saccus hepatopulmoentericus (right pulmonary recess) seen 
through septum ; st, section of stomach ; vad, right anterior 
abdominal vein ; vas, left anterior abdominal vein • vex 
vena cava inferior. ’ ’ 



642 


SUBDIVISION OF COELOM CHAP 

between the pleural and the intestinal regions of the coelom. Were 

these folds completed dorsally, the crocodilian condition would be 

realised ; while, on the contrary, were they less developed, the condition 
found in most Lacertilia would result. 

Butler has described a complete post-hepatic septum in the Ophidia 
whereby two liver-sacs are closed off (the pleural cavities, and apparently 
also the pulmo-hepatic recesses, disappear in development). 



Fig. 640. 

a ‘““^rating development of coclomic septa in a bird, A and B, and a crocodile, C and D. 

•Vir tal. . ’ u ter Sta . ge ' , C - st . a S e corresponding to B ; D, nearly adult, a. Dorsal aorta ; as, 

1^ ' splanchnocoele ; dpf, dorsal pulmonary fold ; /, fusion of ventral pulmonary fold with 

«l n L r : / ! ?’ ,® u » Jung; h, liver; Is, liver-sac; nth, hepatic ligament or ventral mesentery; 
nnlmnna C f m pleural coelom ; pr, pulmonary recess; uv, umbilical vein; vpf, ventral 


While the post-hepatic septum of the Crocodilia may be considered 
as homologous with that of Aves (although Ilochstetter do^s not admit 
its full homology), it is difficult to account for the appearance of this 
septum in the Tejidae and Ophidia. Since it is absent in other Lacertilia 
and in Sphenodon it can hardly be considered as a primitive structure, 
and we are left with the unsatisfactory conclusion that it has been 
independently developed in two or more groups. 
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THE MAMMALIAN DIAPHRAGM 

The development of the mammalian diaphragm is brought about by 
a very complicated process difficult to describe, partly owing to its being 
built up from several separate rudiments, partly from its connexion with 
the vascular system, and liver, and partly from the constant relative 
shifting of its parts and the associated organs during ontogeny, and the 
difficulty of representing, in three dimensions, the various curved surfaces 
involved except by means of models. Our modern knowledge of its 
development may be said to date from the work of Uskow on the rabbit 
( 979 )- Lockwood (971), Ravn 
( 975 - 7 ), Bertelli (954), Mall (972), 

Broman (960), and especially 
Brachet (957-8), have confirmed 
and completed his account. 

\ ery early, when the embryo 
is scarcely folded off from the 
extra embryonic layers, the 
mesocardium laterale appears, 
owing to the splanchnic meso- 
blast covering the omphalomes¬ 
enteric veins meeting the somatic 
wall, and the ventral pericardio¬ 
peritoneal passage is almost at 
once obliterated, Figs. 641- 
642, 645. A complete ventral 
septum transversum is thus 
early formed just in front of the 
anterior intestinal portal, from 
which it soon becomes separated 
owing to the narrowing of 

the yolk-stalk and growth of the liver. As the latter organ enlarges 
spreading over the posterior surface of the septum towards the body-wall 
laterally and ventrally, the septum shifts not only backwards but also 
into a more upright position. At first, while its dorsal free edge delimiting 
the dorsal pleuro-pericardial passages (ductus pleuro-pericardiacus and 
recessus parietahs dorsalis of His) on either side of the mesentery is 
occupied by the ductus Cuvieri, the paired and symmetrical umbilical 
and omphalomesenteric veins reach the sinus venosus through the septum 
transversum (that dorsal region of it which represents the mesocardia 



so rdc 

Fir,. 641. 

Reconstruction of embryo Sus, domestic piit-. <; mm 
Ion*, cut transversely through sinus venosus, and 
seen from behind. «, Lateral aorta ; dc, ridge en- 

M/ S, r5t d « C ! :,,sCuv,c ";,*<fc. entrance of left ductus; 
//>/, It ft pulmonary fold ; ocs, oesophagus ; p peri¬ 
toneal coelom ; pc, posterior cardinal; pi, wall of 
future pleural cavity; pip, pleuro pericardial passage 
still widely open ; rdc, entrance of right ductus 
Cuvieri ; rpf, right pulmonary fold; rpr right 
pulmonary recess ; 5/, septum transversum.^ 8 
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lateralia). Later, the umbilical veins lose their anterior connexions, and 
the vena cava inferior alone pierces the septum from behind, combined in 
the embryonic stages with the ductus venosus Arantii. 

The development of the pleuro-pericardial membrane, destined to 
close off the pericardium below from the pleural cavities above and at the 
sides, takes place owing to the backward shifting of the heart and forward 
growth of the pleural cavities by the extension of that dorsal region of the 
septum transversum which is not invaded by the liver. The ductus 
Cuvieri play an important part in the development of the membrane and 
the closure of the dorsal coelomic passages or pleuro-pericardial communi- 



A B C 

Fig. G.«2 . 

Transverse sections through pericardial region of embryo Stts, domestic pig, 5 mm. long. C, 
Most anterior; A, most posterior. a, Lateral aorta; ac 9 anterior cardinal; be , bulbus cordis; 
l, lung bud ; la, left auricle ; Idc , left ductus Cuvieri ; //>/, left pleural coelom ; tit, notochord ; 
oes, oesophagus ; pc 9 pericardial coelom ; />/>, passage from pericardial to pleural cavities; ra, right 
auricle; rdc, right ductus Cuvieri; rpl % right pleural coelom; rpr, right pulmonary recess; sa, septum 
atnorum ; sv , sinus venosus ; tr, trachea. 

cations. At first these veins run in the dorsal free edge of the septum 
transversum outwards and upwards in the body-wall ; then, as the heart 
passes backwards, they lengthen and bend forwards, taking up a position 
more and more parallel and relatively nearer to the oesophagus and 
trachea as the pleural cavity expands. Thus the upper part of the septum 
becomes stretched out, so to speak, as a thin pleuro-pericardial membrane 
between the inner ductus Cuvieri, the outer body-wall, and the ventral 
region of the septum transversum attached to the liver. In this way is 
formed a membranous floor to the pleural cavity passing transversely 
and obliquely forwards and upwards. In early stages a pleural groove 
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to the permanent pericardio-peritoneal canals of the Elasmobranch p 610 
A though these canals appear to be finally obliterated, they may occasion¬ 
ally persist open as abnormalities. The ductus Cuvieri Lve now sunk 
below the membrane to reach the sinus venosus, and to the fusion of them 
and the oesophagus with the sinus is due the final closure of the canals 
Thus is completed the floor of the anterior region of what we maTctl 
p mitive pleural cavity. There remains to be described the develop- 


Fig. 643. 
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extends on either side of the mesentery forwards on to the roof of the 
pericardium ; the pleuro-pericardial passage over the transverse septum 
becomes converted into a narrow slit between the ductus Cuvieri and the 
pulmonary ridges or masses of splanchnic mesoblast into which grow the 
lung-buds. These slits close from before backwards, leaving for a con¬ 
siderable time two minute pleuro-pericardial canals, Fig. 650, comparable 

Pleuro-pericardial membrane Phrenic nerve 
Pericardial cavity 

Septum transversum 


Pleural cavity 


peritoneal 

membrane 


Mesonephroi 


Stomach 
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ment of the very important phrenic nerve. It appears early, when the 
septum is situated about the level of the fifth cervical ganglion, as a 



oes rpr 

Fig. 644. 

Mus musculus, transverse sections of embryo. A more anterior than B. a, Dorsal aorta ; mj\ 
Mullerian funnel; nf, nephric fold (pleuroperitoneal membrane); oes , oesophagus; p, peritoneal 
coelom opening into pleural coeloin ; pc, post-cardinal; pt, peritoneal coelom: phr, phrenic nerve; pl 9 
left pleural coelom ; rl, right lobe of liver ; rpr, right pulmonary recess ; st, septum transversum 
on liver ; v, vein ; vlg, ventral lobe of right lung. 

compound nerve formed from branches of the third, fourth, and fifth 
cervical nerves passing down outside and behind the ductus Cuvieri to 
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the dorsal region of the septum. When the ductus Cuvieri lengthens as 
the heart recedes, the nerve stretches back at first obliquely, then almost 
longitudinally, in the pleuro-pericardial membrane to its insertion in the 
septum transversum. The latter connexion remaining constant forms 
an important topographical point when comparing the embryonic septum 
with the adult diaphragm, Figs. 643, 646, 649, 650. 

The shutting off of the hinder region of the pleural cavities is brought 
about by the combination of three structures. The floor is formed from 
a thick layer of mesoblast (dorsal diaphragm of Uskow) overlying the 
liver and apparently derived partly from the mesentery between it and 



I IO. 045. 

embryo <*»«" °< P- 

pleural coelom ; ventral tnesentery rn-Dhri? S *’ enc , ard,al C0el01 ?.’ ‘P‘. 

aas l& issH -JS-SF 

of pleural cavity. * ' ena cava inferior, vl 9 ventral diverticulum 


the gut (lesser omentum, gastro-hepatic mesentery), but mostly from a 

backward growth of the dorsal edge of the septum transversum itself 

as .s evidenced by the course of the dorsal branch of the phrenic nerve! 

This floor, passing obliquely backwards and upwards, forms an angle 

with the pleuro-pencardial membrane as it meets it on the top of the 
septum transversum, Fig. 643. 


The second element contributing to the pleural wall is the pleuro¬ 
peritoneal membrane, derived from the nephric fold, Figs. 644, 

n 4 ?'■ LnT ^ PpearS aS a dorsal rid S e continuous with the meso¬ 
nephric fold behind, and running down the posterior surface of the 

ductus Cuwen to the dorsal edge of the transverse septum, and so on 

the lateral lobe of the liver, where it merges with the outer edge of 
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the mesoblastic layer on the floor of the pleural cavity described 
above. From the vertical part of the ridge the pleuro-peritoneal 
membrane develops, and its dorsal and ventral extensions are known 
as its dorsal and ventral pillars (Uskow, 979). As the ductus Cuvieri 
bends forwards, the nephric fold remains behind attached to the body- 
wall, growing backwards as an almost vertical (sagittal) membrane, 

with a free posterior margin ; 
it thus tends to separate an 
inner pleural chamber above 
the liver from an outer peri¬ 
toneal recess, opening behind 
and below into the general 
peritoneal cavity. The extent 
to which the recess is de¬ 
veloped, extending over the 
pericardium, seems to vary 
considerably in different mam¬ 
mals ; and appears to be of 
little morphological importance, 
being later on flattened out, so 
to speak, and merged with the 
general peritoneal space behind 
the diaphragm. In Marsupials 
(Trichosurus , E.S.G.) the recess 
is small; but in those 
forms like the Rabbit (Uskow 
and Brachet) or Guinea-pig 
(Hochstetter, 835), where it is 
Fig. 646. large, the base of the pleuro- 

Diagrams of embryoM amma/cut transversely through peritoneal membrane marks off 

r ricardial and pleural cavities, A, and more posteriorly, ~ . . . . 

; anterior view, lungs and heart removed, ao, Dorsal an inner pleurO-pericardial from 
aorta; elf, left posterior closing fold; dc, ductus ~ . . ,• , 

Cuvieri ; dl, tissue overlying dorsal surface of liver ; an Outer peritOneO-pencardial 
oes, oesophagus; op, opening from left pleural to peri- , , i 

toneal coelom ; pc, pericardial coelom ; phn, phrenic membrane. Both the dorsal 
nerve; pi, cut surface of fold supporting lung; pip, . ... ( 

pleuro-peritoneal membrane ; pipe,. pleuro-pericardial and the ventral pillars OI ine 
membrane; pic, peritoneal coelom ; vc, cardinal vein. , - , . . , 

nephric fold tend to approach 
the middle line behind, and the growing pleuro-peritoneal membrane 
narrows the originally wide communication of the pleural coelom with the 
peritoneal coelom to a small posterior slit. But the final closure of the 
pleural cavity is brought about on the right side by the fusion with the 
pleuro-peritoneal membrane of a transverse outgrowth of the pulmonary 
fold, bearing a cup-like depression to receive the tip of the lung. On 
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the left side the membrane 
closing fold) from the 
dorsal mesentery, Figs. 
646-7, 649, 650. 

This closure of the 
pleural cavity takes place 
at a comparatively late 
stage; meanwhile the 
pleuro - peritoneal mem¬ 
brane, at first almost 
sagittal in position, has 
become flattened out and 
extended laterally, and 


meets a similar outgrowth (posterior 



1 / 

ii vc rpr st 


moulded on the concave 
surface of the liver to 
acquire its definitive 
shape as the dorsal region 
of the diaphragm. At 


I'ic. 647. 

Mus musculus, rather late embryo, before complete closure 
pleural cavities. Reconstruction cut transversely and 
showing from in front posterior ends of nephric folds, etc. da 
IJorsal aorta; /1, liver; msn, mesonephros; nf, nephric fold* 
pc, posterior cardinal ; pi, peritoneal coelom ; rppf, right 
posterior dosing fold ; rpr, right pulmonary recess ; st 
septum transversum ; vc, vena cava inferior. 


the same time still greater changes take place in front, where the small 





o. 

Tnchosurus vulpecula, embryo 10 mm. long ; transverse section of »i, , * • , 

r, b; c centrum ; Iv, left ventricle ; na, neural arch - nr f M ax * "-Auricle; br, sternal 

cardial coelom ; pip, pleuro pericardial membrane • pv pulmonarJTdr ° < ’ S ' °V S ° pha f gus ; pc ' P eri - 
coelom ; rv, right ventride ; sp, spina! ganglion ; cava 
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primitive pleural cavity expands rapidly outwards and downwards, 
carrying the outer margin of the pleuro-pericardial membrane ventrally, 
until in some cases it almost meets that of the opposite side below 
the heart. By the ingrowth of the coelomic epithelium at the sides the 
liver also becomes peeled off from the diaphragm, remaining attached 
to it by the gastro-hepatic mesentery above, the coronary ligaments at 
the sides, and the falciform ligament below. Figs. 651-3. 

During this process a great expansion of the diaphragm takes place 



Fig. 649. 

Mus musculus, 12-day embr>-o ; pericardial region cut longitudinally to right of middle line ; 
inner view of right side, reconstructed, ac, Anterior cardinal ; c, abdominal (peritoneal) coelom ; 
cf, posterior closing fold ; eg 1 -*, cervical ganglia ; dc, ductus Cuvieri in transverse septum ; g, gall¬ 
bladder ; Iv, liver ; mf, Mullerian funnel on nephric fold ; pc, pericardial coelom ; phr, phrenic nerve ; 
plpr, pleuro-peritoneal membrane (nephric fold) ; ra, right auricle ; sir, septum transversum ; sv 
sinus venosus ; v, wall of ventricle ; vex, vena cava inferior. 

at the sides. How much of this new membrane between the peritoneal 
and pleural cavities is derived from the body-wall and pleuro-peritoneal 
membrane respectively, it is difficult if not impossible to say. According 
to Brachet, the greater part of it would be of pleuro-peritoneal origin ; 
but there appears to be no good evidence that this membrane spreads 
down into the ventral region of the diaphragm. Rather would the 
ventral half of the diaphragm appear to be derived almost entirely from 
the body-wall and transverse septum, as indicated in the diagram, Fig. 654, 
showing the final constitution of the mammalian diaphragm. 
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Diagrams of anterior trunk region of embryo mammal showing devour.™™* t »• v. 

Fig. A early stage, Fig. B later stage. A horizontal cut has removed Si ? ,? f d *? phra & m 

splanchnocoele, etc. ; dorsal view, bd. Bile duct ; ca coeliac irSrv • ^ ♦ h * a , nd . exposed 

dc, ductus Cuvieri passing down into transverse septum; dp dorsad Da nrr^T^° T clos,,1R fold • 

through primitive foramen of Winslow; i, intestine ; /g.e f t lun e iiflef arrow 

umbilical vein ; ms, median dorsal mesentery ; »/, nephnc fold 1 L lobe , ° f 1, 1 Ver ; / “ r ' left 

Phr, phrenic nerve ; pip, pleuropericardial membrane; plpl ple£r^ membrane) ; 

large opening into pericardial coelom, pr ; p v , portal vein’ canal derived from 

pulmonary recess; ruv, right umbilical vein ; s/^stomach • hr ^ptim tran^e^^ *° d 1 TpT ' nght 
inferior. * sepium transversum ; vex, vena cava 
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It would be very interesting to know the exact derivation of the 
muscles of the diaphragm ; unfortunately their origin has not yet been 
definitely traced. But there can be little doubt that the material from 
which they develop passes into the transverse septum from the myotomes 
belonging to the third, fourth, and fifth cervical nerves (which provide the 

Met encephalon N. trochlear is 
Gang. n. 5 \ / Mesencephalon 

Gang. nn. 7 and 8 

N. facialis 
Gang, supcrius n. 9 

Gang, jugulare n. 10 

Gang, petrosum n. 9 ^ !' —encephalon 

Gang. Froriep ^ % - ophthalmic r. 

Gang, nodosum n. 10 

A 7 . accessorius 


N. oculomotorius 


N. hypoglossus 

Atrium 

Lung - 
Gang. ccrv. 8 

Septum transvcrsum 

Liver 


Mesonephros 


Gang, thorac. 10 



Fig. 651. 


N. opticus 


Maxillary r. 
Telencephalon 

Mandibular r. 


Chorda lympani 


Ventricle 


Umbilical cord 


Genital tubercle 


I.atcral dissection of a 10 mm. pig embryo, showing viscera and nervous system from right side. 
The eye has been removed and otic vesicle is represented by a broken line. Ventral roots of spinal 
nerves are not indicated, x 10 5. (From Prentiss and Arey, Text-book of Embryology, 191 7 -) n > 
Nerve; r, ramus. 


branches constituting the phrenic nerve of the adult) at an early stage 
when the septum is still far forward in the future neck region. Bardeen, 
indeed, has found the rudiment of the diaphragm muscles in the region 
of the fifth cervical nerve in early human embryos (3). 

To sum up the ontogenetic history of the diaphragm. It is of 
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compound origin ; formed in part ventrally from the transverse septum, 
dorsally from the pleuro-peritoneal membrane and transverse outgrowths 
or closing folds from the mesentery on the left and the pulmonary fold 
on the right. I he body-wall itself, when the thorax expands and the 
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Median sagittal dissection of 


Fig. 652. 


rieh, side. (From Prentiss ^ from 


pleural cavities grow downwards on either side of the pericardium, 
probably contributes largely to its formation, extending the pleuro¬ 
peritoneal membrane and the septum transversum at the sides. In 
addition to these elements of the diaphragm should also be mentioned the 
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Mesonephros 


Metanephros 


dorsal and ventral mesenteries, which join the right and left halves, 
tissue lying on the liver dorsally to the transverse septum, and lastly 

Semilunar ganglion n. 5 Ophthalmic ramus n. 5 
Gang, geniculi n. 7 1 / Cerebrum 


Mesencephalon 
Cerebellum 
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Lo'dier limb 


Sciatic nerve 


* 

Serve to lower limb 


Fig. 653. 

Lateral dissection of 35 mm. pig embryo to show nervous system and viscera from right side. 
X 4. (From Prentiss and Arey, Text-book of Embryology, 1917.) 


a small contribution from the pulmonary fold (accessory mesentery) on 
the right of the oesophagus. For it must be remembered that the right 
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pulmo-hepatic recess in early stages extends forwards into the pleural 

region in mammals as in other Tetrapods (see p. 631). As the heart 

moves backwards, the transverse septum shifts from its primitive position 

far forwards towards the hinder region of the thorax, carrying with it 

the phrenic ner\ e and the material from which develop the muscles of 
the diaphragm. 

The history of the complex mammalian diaphragm is doubtless lost 
with the long line of extinct reptile-like ancestors. Although the elements 
out of which it has been built, septum transversum, nephric folds, and 



Fig. 654. 


f ven P ost enor closing folds, may all occur in the modern Reptiles, it 
is not among these that we should expect to find its homologue. Huxley 
long ago rejected the loose comparisons made by the older authors between 
the diaphragm of the mammal and the various septa of birds. Indications 
of the origin of the diaphragm may, however, be sought among Amphibia, 
though the modern forms are too specialised and too far removed from 
the mammalian stem to afford much evidence. One of its most character¬ 
istic features is its derivation in great part from the septum transversum 
and the growth into it of somatic muscles supplied from in front by the 









6 5 6 


SUBDIVISION OF COELOM 


CHAP. XII 


phrenic nerve. It seems clear, therefore, that the mammalian diaphragm 
must have begun to develop as part of the respiratory mechanism when 
the heart was still far forward, and before the neck region had become 
differentiated. Now, ever since Breyer (1811) described muscles attached 
to the base of the lungs in the Surinam toad, Pipa americana , anatomists 
have compared certain muscles found in this region in the Anura with 
the muscular diaphragm of the mammal (Meckel, 1821 ; Duges, 1834; 
Goette, 1875; Giglio-Tos, 1894, 1906; Beddard, 952; Nussbaum, 
1896), and lately the question has been treated in detail by Keith 
(97°). The muscular body-wall of the Amphibia, formed of the rectus 
abdominis ventrally, splits laterally into external and internal oblique 
muscles, and again into a superficial external oblique and an internal 
transversus muscle. While the anterior segment of the rectus abdominis 
profundus (supplied by the second spinal nerve) becomes attached in 
Anura Aglossa to the pericardial wall or septum transversum, below 
and at the sides, the anterior region of the transversus (supplied by the 
third spinal nerve) is attached to it more dorsally. These two muscles 
may well represent the material from which the ventral sterno-costal and 
spinal musculature (similarly supplied from the third, fourth, and fifth 
spinal nerves, Gossnitz, 966) have been phylogenetically derived. Much 
the same conditions obtain in the Urodela. Yet the conditions in modem 
Amphibia differ radically from the mammalian, in that the anterior 
muscles mentioned above (chiefly the transversus attached to the oeso¬ 
phagus, roots of the lungs, and pericardial wall) serve in them for 
expiration, and in that inspiration is not brought about by expanding the 
thorax (see p. 597). 

Bertelli (955) denies the possibility of these Amphibian structures 
having given rise to the muscular diaphragm of the Mammalia. Neverthe¬ 
less, it seems not impossible that some such extension of muscles into the 
transverse septum may have taken place in Theromorphous ancestors, and 
that by the motion backwards of this muscular transverse septum to a 
position behind the lungs and its combination with the nephric folds, into 
which the muscles may have penetrated, the mammalian diaphragm may 
have developed. 


CHAPTER XIII 


EXCRETORY ORGANS AND GENITAL DUCTS 

The Excretory Organs and Genital Ducts of Craniata. —The segmental 
tubules and excretory ducts, p. 657—General structure of kidneys, p. 657 
—Structure and function of an excretory tubule, p. 658—Archinephros. 
pro-, meso-, and meta-nephros, p. 659—Development from nephrotome, 
p. 660 Gnathostomata, p. 661—Pronephros, p. 661—Primary' or pro- 
nephric duct, p. 665—Mesonephros and its duct, p. 666—Metanephros and 
its duct, p. 671—Excretory organs of Cyclostomata, p. 672—Petromy- 
zontia, p. 672 Myxinoidea, p. 676—Distinction between pro-, meso-, 
and meta-nephros, p. 680—Primitive archinephros, p. 685. 

The Genital Ducts of Gnathostomata.— Original function of segmental 
tubules, p. 685—Relation to gonads in Gnathostomata, p. 686—Testicular 
network and male ducts, p. 687—Elasmobranchii, p. 688—Dipnoi, p. 689 
—Teleostomi, p. 690—Amphibia, p. 691—Amniota, p. 691—Tetrapoda 
in general, p. 694—Mullerian duct and oviduct of female, p. 694—Tetra¬ 
poda, p. 696 — Dipnoi, p. 700 — Elasmobranchii, p. 700 — Comparison with 
other forms, p. 700—Teleostomi, p. 701—Teleostei, p. 702. 

The Genital Ducts of Cyclostomata. —Genital pores of Myxinoidea and 
Petromyzontia, p. 707. 

The Urinary and Genital Pores and the Cloaca.— Cloaca of Craniata, 
p. 708—Pisces, p. 709—Tetrapoda, p. 710. 

Abdominal Pores.— Occurrence, structure, and function, p. 714. 

The Phylogeny of the Segmental Tubules.— Segmental outgrowths from 
wall of coelom, p. 715—Comparison with Invertebrata, p. 715—Gonocoel 
theory, p. 715—Genital coelomoducts, p. 716—Acquisition of excretory 
function, p. 716—Homology of tubules of Vertebrata with coelomoducts 
and not with nephridia, p. 717 — Homology of coelomostome, p. 718. 

THE EXCRETORY ORGANS AND GENITA L DUCTS OF CRANIATA 

The kidneys of adult Amniotes are compact organs situated onThe roof of 
the abdominal cavity in the pelvic region. They are covered ventrallv by 
the coelomic epithelium, and consist of a mass of urinary tubules opening 
into a duct or ureter which runs backwards to open into the cloaca, or its 
derivative, the ur.nogenital sinus. The Amphibia have a more extended 
kidney reaching further forward, and in Pisces and Cyclostomata it may 
extend almost up to the pericardium. Moreover, while in Amniotes the 
definitive kidney proper is devoted to the elimination of waste products 
and there are separate genital ducts, in lower Gnathostomes the kidney 
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and its duct serve also for the passage to the exterior of the spermatozoa. 
In fact there is reason to believe, as will be explained later (p. 714), that 
the whole excretory system of the Gnathostomata consisted originally of 
paired segmental tubules leading by means of a longitudinal duct from 
the coelom to the exterior, and that, while their original function was to 
serve as genital ducts in both sexes, their excretory function is secondary 
and was acquired as the original excretory organs or true nephridia 
disappeared (p. 718). 

To understand the morphology and physiology of the genital and 
excretory organs of the Craniata it is necessary to study their development 



Fig. 655. 

Diagram 8 showing relations of segmental excretory tubule of Craniate, and formation of peritoneal 
funnel, p /. and nephrocoelostome, nst. ao, Median dorsal aorta supplying artery to glomerulus; 
cv, cardinal vein receiving vein from glomerulus ; d, transverse section of longitudinal duct; nc, 
nep rocoele ; pc 9 communication between latter and general coelom or splanchnocoele. 

and modification from Cyclostome to Mammal. But a thorough exposi¬ 
tion of the subject would take a volume in itself, and it has been so well 
dealt with recently in several text-books (Felix, 1005-7 ; Kerr, 840 ; 
Brachet, 993) that it will be sufficient here to give only a general account 
of some of the more important facts and theories. 

The whole excretory system, as it may be called, consists primarily of 
paired tubules opening on the one hand into the coelom and on the other 
into a longitudinal duct. The coelomic opening consists of a ciliated 
( peritoneal funnel ’ leading into a narrow ‘ funnel tubule ’ which 
widens out into a thin-walled chamber (Bowman’s capsule), one side of 
which is pushed in by blood-vessels (glomerulus). Capsule and glomerulus 
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together make up a ‘ Malpighian body \ From the chamber another 
ciliated funnel (nephrocoelostome) 1 leads to the coiled c glandular tubule’ 
which opens into the duct, Fig. 665. 

The chief function of the peritoneal funnel seems to be to drive fluid 
from the coelom towards the tubule, that of the glomerulus to filter fluids 
from the blood into the cavity of the capsule, and that of the walls of the 
glandular tubule to excrete nitrogenous waste into its lumen, and to 
reabsorb some of the fluid. Although the structure just described may 
be considered as the fundamental plan of the segmental units of the 
Craniate system, yet such complete tubules are rarely found in the full- 
grown kidney, owing to the specialisation of some parts and the disappear¬ 
ance of others. 


anterior 


m 


posterior 



ms 


Fig. 656. 

nep&"‘ 

Development. -In accordance with the general differentiation of the 
segments the tubules develop from before backwards. Usually present 
at some time in all the trunk segments, they fail to appear in the 
anterior (head) and posterior segments (tail). There is a tendency for 
those of the more anterior segments to develop and become functional 

" Ca ;' y llfC ’ f °, r f th0Se 0f the posterior segments to develop and 
function in later life, accompanied by the more or less complete 

degeneration of the first-formed tubules. While the ancestral Craniate 

may be supposed to have been provided with a complete set of seg- 

and the funnel leadmTfrom th^chamber^Th T ^ peritoneal funnel 

coelostome to emphasise the fact that it is derived from her ° Called ne P hr °- 
nephrocoele (p. 660). and to avoid mnf , from and °P ens in *o the 

Annelid nephnd.um with which it has nothing to do ^ °' 
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mental tubules throughout the whole trunk region opening into a longitu¬ 
dinal duct leading to a posterior cloaca, in all existing Craniates a few 
anterior tubules and their duct develop first, and are later succeeded 
by a larger number of more posterior tubules opening into the same 
duct (Cyclostomes, Pisces, Amphibia). Further, in the Amniota, this 
second set is succeeded by yet more posterior tubules which make up the 
adult organ. Thus an original complete archinephros with its archi- 

nephric duct became differentiated into pro-, meso-, and meta-nephros 
(Lankester’s terminology, Fig. 673). 


nc 



smt 


Transverse section of ScyIlium canicula , 
embryo stage J, taken in front of pronephros. 
a, Dorsal aorta ; c, nephrocoele ; cl, outer 
‘cutis layer’ of myotome; cr, neural crest; 
cv, cardinal vein ; m, myomere in inner wall 
of myotome; nc, nerve cord ; np, rudiment 
of pronephric nephrocoelostome ; nt, noto¬ 
chord ; sc, splanchnocoele ; scl, sclerotome ; 
spl, splanchnopleure ; smt, somatopleurc ; 
spg, spinal ganglion ; g, wall of gut. 


It has now been satisfactorily estab¬ 
lished that all the tubules are de¬ 
veloped directly or indirectly from the 
segmental stalk of mesoblastic tissue 
which in early stages unites the dorsal 
segmented somite to the more ventral 
unsegmented lateral plate (pp. 3, 7 22). 
This intermediate region, known as 
the nephrotome, is often hollow from 
the first or becomes so later, its cavity 
communicating with the sclero-myo- 
coele above and the splanchnocoele 
or general coelom below. Soon the 
nephrotome becomes separated off from 
the somite and the communication of 
its cavity (nephrocoele) with the sclero- 
myocoele is cut off, while the opening 
into the general coelom persists as the 
peritoneal funnel. Meanwhile from 
the lateral wall of the nephrotome 
there grows out a diverticulum to¬ 
wards the ectoderm to form the 


glandular tubule. The nephrocoele persists as the cavity of Bowman’s 
capsule. In the anterior or pronephric region, at all events, the 
diverticula (blind at first) lengthen, bend backwards, and fuse at their 
distal ends to a longitudinal duct, which in the majority of Gnathostomes 
(Elasmobranchii, Apoda, Amniota) grows back freely between the 
ectoderm and somatic wall of the coelom to the cloaca. The mesonephric 
tubules which develop later find the duct ready made, join and open 
into it. Thus the primary longitudinal duct functions at first as a 
pronephric duct and later as a mesonephric duct behind the pronephric 
region, Figs. 656, 660, 665. 
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The development described above becomes variously modified in the 
different regions and various groups owing to specialisations which often 


render it difficult to interpret, especially 
as regards the ducts (see below : Mullerian 
and Wolffian ducts, etc.). 1 

The pronephric tubules are usually 
degenerate, incompletely developed, and 
apparently functionless in Gnathostomes 
whose embryos are supplied with a large 
amount of yolk and have no free larval 
stage (Elasmobranchii, Reptilia, Aves, 
and in Mammalia), and are fully developed 
and functional only in those forms with 
comparatively little yolk and a larval 
stage (Sedgwick, 1055 ; Rabl, 1048). 

The Pronephros. —Usually far more 
pronephric rudiments appear than ever 
reach full development and functional 
activity, and the best developed remain 
towards the middle of the pronephric 
region, the other rudiments at either end 
of the series soon disappearing. Nor are 
the rudiments constant in number or in 
position, although they usually begin 

only a few segments behind the auditory 
sac. 

Among Gnathostomes a functional 



pronephros occurs only in Actinopterygii, Fig. 658. 

Dipnoi, and Amphibia. But even in these’ 

complete tubules with peritoneal funnel, “ 

capsule, and glandular tube are but branch^ ITch 
rarely found (Apoda among Amphibia; tTyZ'' 

Chondrostei, Amt a, Lepidosleus among £Lj, 

Actinopterygii). It is, indeed, character- 

istic of the pronephros that the glandular pronephnc . funnels (nephro-coeio- 

. , . fo stomes); in front of them are four 

tube and its nephrocoelostome are usually nephrocoeles - 

the only parts typically developed, Figs. 658-68. The nephrocoeles 
usually expand into thin-walled sacs, and these generally combine on each 


Scyllxutn canicula, embryo stage I. 
Partial reconstructions of longitudinal 
horizontal sections, the half on left 
more dorsal than that on right, ac 
Auditory sac ; br, brain ; br 3, third 
branchial arch ; ca, ductus Cuvieri ; 
g, spinal ganglion ; gl, glossopharyngeal 
nerve; h, hyoid somite; hb, hyoid 
bar ; hyp, hypophysis ; md, mandibular 
somite ; ms 3-9, third to ninth metaotic 
somites ; pmd, premandibular somite ; 
prd, pronephric duct; prn, first of three 

n rr\ rumhn« t _ « . 


development C °"I pllCati ° ns are brought about owing to different modes of 

ft 7 s atTrst sol d tt anH 7 7 k , f ° rmS ( Am Ph-bia and Amniota) 

is at first solid, it and the tubule rudiment becoming secondarily hollowed 
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side to a common pronephric chamber into which open the nephrocoelo- 
stomes, and project the glomerular vessels joined to a longitudinal vascular 
ridge or ' glomus \ The corresponding peritoneal funnels disappear as 
such, the openings becoming widened out and confluent, so that the 
chamber is more or less completely merged with the general coelom as 
in Anura. But, as a rule, by the meeting of the two coelomic walls 
below the chamber it becomes cut off from the more ventral coelom by a 
floor leaving a wide communication at the posterior or at both ends. 
In Teleosts the chamber may be completely closed. 

In Polypterus (Kerr, 1033) about nine nephrocoeles become enlarged, 
from the first five of which tubules develop, and of these two sur¬ 
vive and become functional. Their nephrocoeles fuse to a chamber 
widely open to the general coelom. The pronephros of the Dipnoi 
(Semon, 1062 ; Kerr, 840) is similarly developed. In Lepidosiren tubule 
rudiments arise in metaotic segments 5-7; two become functional 
and open into a chamber with a glomus. Acipenser (Salensky, 1880-81 ; 
Jungersen, 1029 ; Maschkowzeff, 1040; Fraser, 1011) has some eight rudi¬ 
ments, of which six or seven survive ; in Lepidosteus (Balfour, 2 ; Beard, 
989 ; Felix, 1005) three, and in Amia (Jungersen, 1029 ; Dean, 1002; Felix, 
I00 5 ) three or four survive and become functional out of some eight 
rudiments, of which the first corresponds to the third myomere. The 
number of rudiments varies much in Teleosts (Swaen and Brachet, 1066 ; 
Felix, 1005), beginning at the level of the second myomere in Leuciscus , 
and fourth in Salmo. Of the six rudiments in Salmo three survive, but 
in others only one tubule may develop. It is a remarkable fact that 
the pronephros remains functional in some adult Teleosts ( Fierasjer 
and Zoarces : Emery, 121 ; Lepadogaster : Guitel, 1018). 

In the Amphibia there is a well-developed pronephros with generally 
three coiled tubules in Anura and two in Urodela, which with the coiled 
anterior end of the duct form a conspicuous organ. The nephrocoelo- 
stomes open into a chamber with a glomus. But it is especially in the 
Apoda that the pronephros is large, being in fact better differentiated 
in this than in any other group of land vertebrates. Rudiments appear 


out. The solid rudiment is known as the ' intermediate cell-mass ' (Balfour, 
985)- It may, as in Teleostei, become separated off very early from the 
somite, thus seeming to belong to the lateral plate; or it may become early 
separated from the lateral plate to reacquire its connexion later. 

Sometimes, in Amniotes, the pronephric rudiments seem to arise from the 
unsegmented somatopleure as a continuous ridge which only later becomes 
subdivided into segmental outgrowths (Burlend in Chrysemys, 1000). But 
this appearance seems to be secondary and related to the late differentiation 
of the nephrotomes (de Walsche, 1068). 
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in segments 4-16, and of these the first eight may become fully developed 




Fig. 659. 

A. Stage „ : 

glomerulus; /.m, lateral mesoderm ; my, myotome • N notcJhoSf ’ u"*' e . nltenc cav,ty ’> 
tubule ; s.c, spinal cord ; scl, sclerotome. (From Kerr ‘Embryology, ™l™P hrocoe ' e * P n > pronephric 


and functional (Hypogeophis : Brauer, 995 ). All the parts of a typical 
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tubule are represented, and the nephrocoeles (Bowman’s capsules) remain 
usually separate. Figs. 665-7. 

Although the nephrocoeles of Elasmobranchs may become enlarged 
m the first 14 trunk segments (v. Wijhe, 1073), only a few produce 
nephrocoelostomes and tubules (trunk segments 3, 4, and 5 in Pristiurus 



Fig. 660. 

Development of the pronephros in Lepidosiren as shown in transverse sections. D, Stage 30; 
E, stage 31 +. ^ > Dorsal aorta ; a.n.d, archinephric duct; end, endoderm ; gl, glomerulus ; It, liver ; 
my, myotome ; N, notochord ; nc, nephrocoele ; oes, oesophagus : pn, pronephric tubule ; p.v.c, 
posterior vena cava ; splc, splanchnocoele’. (From Kerr, Embryology, 1919.) 

and ScyIlium : v. Wijhe ; Rabl, 1048—5 tubules in Raja : v. Wijhe— 
7 in Torpedo : Riickert, 1050-51). Neither Bowman’s capsules nor 
glomeruli are formed, although blood-vessels pass down between the 
successive tubules from the aorta to the wall of the gut where they 
join the subintestinal vein, Figs. 658, 661 (Mayer, 850; Rabl, 1048; 
Ruckert, 1050). 
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In Reptiles the pronephros is usually vestigial, but in Chelonians 
and Crocodilians it is functional for a time (Wiedersheim, 1890; de 
Walsche, 1068); large nephrocoeles appear in many anterior segments 
(from about the fourth to thirteenth metaotic segment in Lacerta : 
Hoffmann, 1022 ; Kerens, 1031). Only the last five to seven of these 
nephrocoeles in Lizards and Snakes produce tubules, and neither 
glomeruli nor capsules are formed (Milhalkovics, 1041 ; Strahl, 1882 ; 
Schreiner, 1053 ; Kerens, 1031). 
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The very similar pronephros of Birds stretches over some twelve seg¬ 
ments beginning about the third metaotic, Fig. 668 (Sedgwick, 1055 ; 
Renson, 1883 ; Schreiner, 1053 ; Felix, 

1005; Keibel and Abraham, 1900; I p n ^~ 

Soulie, 1902 ; Kerens, 1031). 

The mammalian pronephros, seen II pn 2 . 

by earlier observers, but first clearly 

identified as such by Rabl, 1896, extends H . pn 3 . 

over about eight segments from probably 7 

the sixth metaotic; but is still more jy n 4 

vestigial than in lower Amniotes, the ' P 71 ' 

tubules soon fusing to a solid rod or V — 

‘ pronephric ridge ’ (Martin, 1039 ; 7 

Bonnet, 1887-8; Kerens, 1031; Fraser, ^ ~ 

The Primary or Pronephric Duct— ^ . 

As already mentioned, the anterior end ^^pnl 

of the primary or pronephric duct Fig - 661. 

(segmental duct, primarer Harnleiter) of 
is derived from the fusion of the outer «**% 

ends of the pronephric tubules. The ^ h uIeS R J a h n e "SlSSST 
solid rod of cells so formed grows back- Embryology, 1919.) 

wards in most Gnathostomes between the ectoderm and the somatic 
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Fig. 661. 

Horizontal section through rudiment 
of right pronephros of Torpedo. (After 
Riickert, 1888.) a.ti.d, Archinephric duct ; 
b.v, blcxxl-vessel ; pn. 1, etc., pronephric 
tubules. The nephrotomes are numl)ered 
with Roman numerals. (From Kerr, 
Embryology, i 9 l 9 .) 


wall of the coelom, becomes hollowed out to a tube, fuses with the 
wall of the cloaca, and finally opens into its cavity, Figs. 656, 658-9, 
664. The prolonged controversy as to whether the growing tip of 
the duct receives cells from the ectoderm to which it is often very 
closely applied (v. Wijhe, 1073; Beard, 988; Riickert, 1050; Laguesse, 
189 1 , and others) has been set at rest, and it is now generally admitted 
that the duct is of purely mesodermal origin (Rabl, 1048; Field, 
1008; Felix, 1005; Gregory, 1897; and others). Nevertheless, its exact 
mode of origin in many forms is still a matter of dispute; for, 
although its free growth backwards has been shown to occur in 
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Fig. 662. 


Elasmobranchs (Balfour, 985; Rabl, 
1048 ; Bates, 987), Apoda (Ilypogeophis, 
Brauer, 995), and Amniotes (Weldon, 
1071, Hoffmann, 1022,in Reptiles; Sedg¬ 
wick, 1055-6, Schreiner, 1053, Felix, 1005, 
in Birds; Martin, 1039, in Mammals; 
Kerens, 1031, in Amniota), yet in other 
groups it appears to develop differently. 

In Urodela and Anura, according to 
Mollier (1043) and Field (1008), it de¬ 
velops as a longitudinal thickening and 
folding off of the mesoderm of the 
nephrotomal region and only grows out 
freely at the extreme posterior end to 
join the cloaca. Much the same mode 
of development is described in Teleosts 
(Swaen and Brachet, 1066; Felix, 1005) 
and other Actinopterygii (Acipenser, 
Maschkowzeff, 1040; Fraser, ion ; Poly- 
pterus , Kerr, 1033). The morphology of 
the pronephric duct is further discussed 
below (p. 684). 

The Mesonephros and its Duct. —The 

mesonephric tubules of Gnathostomes 

• • * 

appear later than the pronephric, arising 
from more posterior nephrotomes. At 
first they are strictly segmental. In 
Pisces, Amphibia, and Reptilia peritoneal 
funnel, Bowman’s capsule, glomerulus, 
and glandular tube are usually typically 
developed throughout the series, except¬ 
ing for the first and last few rudiments 
which may be vestigial, Figs. 656, 673-4- 
(Transitory vestigial closed peritoneal 
funnels appear as a rule in Birds and 
Mammals, but open tubes are only fully 


Renal organs of the right side of a 
Protoplerus larva of stage 34. (From a 
reconstruction by M. Robertson.) a.ti.d 
Archinephric duct; op, opisthonephric 
tubules ; pn, pronephros. The capital 
letters indicate funnels and the figures 
metotic * mesoderm segments. (From 

Kerr, Embryology, 1919.)_ 

* ' Metotic ’ = posterior to the otocyst. 


developed in connexion with the testis, 
p. 686.) The growing outer tip of the 
tubule fuses with and opens into the 
ready-formed pronephric duct, which 
therefore becomes in this region the 
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mesonephric (Wolffian) duct, and is known by this name. The position 
of the first-formed tubule varies in different forms, but appears usually 



Fic. 663. 

Dorsal view of pronephros of Polypterus at stages 20, 23, 24 -f-, 25, arid about 28. a.n.d, Archinephric 
duct. The tubule rudiments are indicated by letters, the nephrotoincs by Roman numerals. (From 
Kerr, Embryology, 1919.) 



close behind the last pronephric rudiment. It may belong to the next 
segment ; or there may be a gap between pronephros and mesonephros, 
which tends to widen with age 
owing to the disappearance of 
evanescent tubule rudiments 
(generally of about 8 segments 
in Selachii, 3 in Acipenser , 16 
in Amia. 2-17 in Amphibia). 

Many observers have helped 
to work out the history of the 
mesonephros, among whom 
may be mentioned : Balfour 
(9 8 5), Sedgwick (1056), v. Wijhe 
(1073), Ruckert (1050-51), Rabl 
(1048), Borcea (991); in Elasmo- 
branchs ; Balfour and Parker 
(2), Beard (1889), in Lepi- 
dosteus ; Salensky (1880-81)» 

Jungersen (io29),Maschkowzeff 
(1040), in Acipenser; Jungersen 
(1029), Dean (1002), Felix 
(1005), in Amia ; Semon (1062), 

Kerr (840), in Dipnoi; Budgett 

(10), Kerr (1033), in Polypterus ; Felix (1005), Audige (982), Guitel (1018), 
in Teleosts ; Fiirbringer (1012), Field (1008), Brauer (995),' in Amphibia ; 


Fig. 664. 

Transverse section through Polypterus of stage 23 
at level of cloacal opening, a.n.d , Opening of archi¬ 
nephric duct into cloaca ; cl. opening of cloaca to 
exterior ; end, alimentary canal rudiment ; my, myo- 

tomc; A, notochord; s.c, spinal cord. (From Kerr, 
Embryology , 1919.) 
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Hoffmann (1022), Sedgwick (1056), v. Milhalkovics (1041), Schreiner 
( 1 ° 53 Gasser (1872-84), Gregory (1900), Abraham (1901), Fraser (1010), 
in Amniotes. 


It is characteristic of the mesonephros of Gnathostomes that its 
primitive early segmentation is always lost owing to the development of 
secondary tubules, many of which may appear in each segment. These 
tubules are derived from embryonic tissue of the nephrotome, remaining 
after the production of the first series, and usually proliferating from near 
Bowman’s capsule. Several successive generations of tubules may be 



Fig. 6O5. 

Early stages in the development of the pronephros of Hypogeophis. Each figure represents a 
ongitudinal section, so arranged as to pass outwards through the nephrotomes, cutting them across, 
and viewed from the dorsal side. (After Brauer, 1902, slightly simplified.) A, From an embryo with 
15 mesoderm segments ; B, 12 segments ; C, 16 segments ; D, 27 segments, a.n.d, Archinephnc 
duct ; pn, pronephric tubule. The Roman figures are placed in the nephrocoeles. (From Kerr, 
Embryology, 1919.) 


added from this tissue, each one more dorsal than the last formed. As a 
rule they develop only a capsule, glomerulus, and glandular tube, but do 
not acquire a peritoneal funnel. They come to open at the base of the 
primary tubule leading to the longitudinal duct. According to Borcea 
(991) a portion of the collecting tubule or region next to the duct is 
derived from an outgrowth of the wall of the latter in Selachii, Figs. 
669-75. 

Except when they convey the spermatozoa from the testis in the male 
(p. 686), the peritoneal funnels are usually closed in the adult. In many 
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Selachii, however, in Atnia , and 


in Amphibia, they remain open to the 



MG. 666. 


A promphr ° s of Hypoeeophis as seen in transverse sections. (After Brauer, 1902.) 

A Embryo with 22 segments; B, with 29 segments; C, with 44 segments. A Dorsal aorta - 
end, eiidoderrn ; gl, glomerulus ; /.m, lateral mesoderm; me, myocoele ; my myotome* TV noto-' 
chord; nc, nephrocoele ; ns, nephrocoelostome ; p.c, peritoneal canal - p n pronephric tubule • sc 
spinal cord ; scl, sclerotome ; splc, splanchnocoele. (From Kerr, Embryology? 1 91 Q P ) ’ '' 


coelom ; but their connexion with Bowman’s capsule is often lost (Selachii: 
Borcea, 991), and in Anura (Spengel, 1064 ; Nussbaum, 1045) they come to 
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open secondarily into the veins, Fig. 671 (cf. pronephros of Myxinoids, 
p. 676). 

Characteristic of the mesonephros of the lower Gnathostomes is the 
^ o its more anterior region to become reduced, acquire but few 
secondary tubules, and even degenerate more or less completely. In the 
Amniota, of course, it disappears (excepting for its duct and the tubules 
leading from the testis and corresponding vestiges in the female) com¬ 
pletely as a functional excretory organ in embryonic or very early adult 



Fig. 667. 


Illustrating variations in the relations of nephrococlc, tubule, and peritoneal canal in the pronephros 
of Hypogeophis. a.n.d, Archinephric duct nc, nephrococle ; ns, nephrococlostome ; p.f, peritoneal 
funnel ; t, tubule. (From Kerr, Embryology, 1919.) 

life ; but even in Amphibia and Pisces the more posterior tubules tend 
to take on the chief excretory function and form the bulk of the adult 
organ, the hinder part of which may be developed from segments behind 
the cloaca (caudal kidney of Elasmobranchs and Teleosts). There is a 
general tendency for the openings of the tubules into the duct to shift 
backwards and even to combine, and these tubules may form a special 
duct opening at the base of the mesonephric duct (Selachii, Teleostei), 
and acquire a special blood supply from the aorta not belonging to the 
renal portal system. So marked is the tendency towards the differentia- 
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tion of a special posterior kidney that this region has sometimes been 
called a metanephros. It is better, however, to reserve the name meta- 
nephros for the kidney of the adult Amniote with its special characteristics. 
Kerr has suggested the term ‘ opisthonephros ’ to include the whole 
series of tubules behind the pronephros in the lower Gnathostomes where 
a true metanephros is not present, Fig. 684. 

The tubules of the anterior region of the mesonephros in Pisces tend 
to degenerate and become converted into a ‘ lymphoid ’ organ. This 
is most conspicuous in the Teleostei, where a large anterior mass is formed, 
composed chiefly of a network of blood-vessels, lymphatic bodies, and 
suprarenal elements (Audige, 982). 

The Metanephros and its Duct. —The definitive excretory organ of the 
Amniota may be defined as the true metanephros. This kidney takes on 



Fig. 668 . 


Transverse section through the fifteenth somite of a :6 s. embryo (from F. R. Lillie, Develt. 
Chick, 1919). Ao, Aorta; Coel . coelom; Nch, notochord; Ms'ch, mescnchyne; n.Cr, neural crest; 
pr'n (14), (i 5 ), pronephric tubules of the fourteenth and fifteenth somites; S.15, fifteenth somite ; 
Ho'pi, somatopleure ; Sp'pl, splanchnopleure. 

the excretory function in Reptiles, Birds, and Mammals, as the meso¬ 
nephros degenerates ; it has no connexion with the gonads. Developing 
relatively late, when the differentiation of other tissues is far advanced, 
it is found to arise from paired bands of ‘ nephrogenous tissue ’ following 
immediately behind that which gave rise to the mesonephros and like it 
originally derived from nephrotomes. These have long since separated 
off from their somites, practically all trace of segmentation is lost, and it 
is not possible to say how many segments may have contributed to the 
metanephrogenous mass—probably few and possibly only one. The 
ureter first appears as a diverticulum of the base of the mesonephric duct; 
it grows forwards and dorsally into the metanephrogenous tissue and with 
it extends dorsally to the mesonephros, Fig. 676. From the blind end of 
the ureter grow out numerous slender diverticula round which the nephro¬ 
genous tissue becomes grouped. From the latter develop a multitude 
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of tubules each with a Bowman’s capsule into which penetrates a 
glomerulus, and a coiled glandular section; these open into the diverticula 
which become the collecting tubules leading to a central expansion of the 
ureter, the pelvis of the kidney. Since all the tubules are of a secondary 
nature, no peritoneal funnels occur. The ureter comes to open separately 
later into the cloaca when the base of the mesonephric duct is merged 
into its wall, Figs. 677, 699-705. 

It is clear that the metanephros does not differ in important essentials 
either in structure or in development from the mesonephros. Indeed, 



Fig. 669. 

Thick transverse section of trunk of Scyllium canicula embryo 33 mm. long, showing spinal nerve 
and mesonephros, be, Bowman’s capsule ; bs, blind sac at end of funnel tube ; cv, posterior cardinal 
vein ; dm, dorsal part of myomere ; dr, dorsal root ; gf, genital fold ; hs, horizontal septum ; 
U, lateral line ; llv, lateral-line vein ; md, Mullerian duct (Wolffian duct just above it) ; mes, 
mesentery ; msf, mesonephric peritoneal funnel ; nc, nerve cord ; sgl, sympathetic lateral ganglion ; 
spg, spinal ganglion ; spn, mixed spinal nerve (r. ventralis) ; vm, ventral part of myomere ; vr, 
ventral root. 

the posterior region of the latter often shows the same specialisations, 
though less pronounced. While the earlier observers (Rathke, 1833; 
Remak, 1855 ; Koelliker, 1861) believed the whole metanephros to be 
derived from branches of the ureter, the modern view of its double 
origin from the ureter on the one hand and nephrogenous blastema on the 
other was initiated by v. Kupffer in 1865, upheld by many authors 
since, and finally established by Schreiner (1053). 

Excretory Organs of the Cyclostomata.— The kidney of adult Petro- 
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myzontia consists on each side of a longitudinal fold extending for about 
half the length of the splanchnocoele into which it hangs, and containing 
convoluted tubules more numerous than the segments. The tubules open 
into a longitudinal duct, situated at the free edge of the fold, and the right 
and left ducts join posteriorly to a median sinus leading to a pore at the 
tip of a papilla behind the anus, Fig. 98. Each tubule has a glandular 



r il# 


0/0 


ScyIlium canicula, late embryo ; transverse section of trunk, bd, Basidorsal : bv basiventral • 
c, splanchnocoele ; ca, posterior cardinal ; g, genital ridge ; *, intestine ; iv, intestinal vein at edge of 
spiral valve ; k, mesonephros ; l, liver ; lav, lateral vein ; //, lateral-line canal and In its 
It, longitudinal ligament ; Iv, lateral-line vein ; md, Mullerian duct ; nc, nerve-cord • nt ’not. 
r, rib in dorsal septum ; sv, supraintestinal vein ; vs, ventral septum. ’ ’ 


nerve 
notochord 


portion and a typical Malpighian body with capsule and glomerulus \ 
but it is noteworthy that there are no peritoneal funnels. This kidney is a 
mesonephros similar to that of the Gnathostomes, Fig. 678. 

Die de\ elopment of the renal organs has been studied by many 
observers since Rathke (1827) first described it in the Ammocoete 
larva (W. Muller, 1875; Schneider, 1879; Scott, 1054; Goette, 825; 
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Fiirbringer, 1878 ; Vialleton, 1890 ; Bujor, 1891). Recently a detailed 
account of the development of the pronephros and mesonephros has been 
given by Wheeler (1072), and by Hatta of the pronephros (1020a). 

From six nephrotomes belonging to metaotic segments 4-9 arise six 
pronephric tubule rudiments as outgrowths of their parietal wall. In 



Fig. 671. 

Series of diagrams illustrating development of primary mesonephric tubules in R. sylvatica (after 
Hall, from W. E. Kellicott, Chordalc Devclt ., 1913). The Wolffian duct is drawn in outline simply ; 
mesonephric vesicles are shaded ; somatic part of tubule is shaded by continuous lines, splanchnic 
part by dotted lines. A, Wolffian duct and simple mesonephric vesicle. B, Mesonephric vesicle 
dividing into large primary mesonephric unit and small dorsal chamber. The latter elongates antero- 
posteriorly and represents rudiment of secondary and later mesonephric units. C, Formation of 
rudiment of inner tubule. D, Inner tubule extending upward and toward mesonephric duct ; forma¬ 
tion of rudiment of outer tubule. E, Outer tubule fused with peritoneum and rudiment of funnel 
thus established ; Bowman’s capsule forming ; commencement of differentiation of secondary meso¬ 
nephric tubules. F, Separation of nephrostomal rudiment from remainder of tubule. G, Connexion of 
funnel with branch of posterior cardinal vein; separation of secondary tubule, and beginning of 
tertiary tubule indicated, c, Bowman’s capsule ; i , inner tubule ; n, peritoneal funnel; 0, outer tubule ; 
/>, peritoneum ; v 9 branch of posterior cardinal vein ; /, primary mesonephric tubule ; II, secondary 
mesonephric tubule ; III , tertiary mesonephric tubule. 

P. planeri, according to Wheeler, the five posterior rudiments develop 
into functional tubules ; but only the 3rd, 4th, and 5th do so in the species 
studied by Hatta. The outer ends of these tubules bend backwards 
and join to form a longitudinal collecting pronephric duct. Behind this 
region the duct is prolonged by the addition and fusion of segmental 
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rudiments which separate off from the successive nephrotomes (and appear 
to represent vestigial tubules) until it reaches the level of the cloaca. 
The duct then joins the wall of the cloaca and opens into its cavity at the 
junction between ectoderm and endoderm (p. 707). 

It is to be noticed that the pronephric tubules arise from segments 
anterior to the ductus Cuvieri, and so are related to the anterior cardinal 
veins ; also that the more anterior tubule rudiments extend into the 
branchial region. The larval functional organ begins just behind the 
last gill; its tubules become somewhat crowded backwards losing their 
segmental disposition, and project into the pericardial coelom where they 
open by conspicuous ciliated funnels. These are the nephrocoelostomes 



Fig. 672. 

•„? ra 5 ? VerSC se ? tion through middle of Wolffian body of chick embryo of 96 hours (after F. R. 
I-illie, Develt. Chick, 1919). Ao, Aorta; Cocl, coelom; col.T, collecting tubule; Glotn, glomerulus- 
germ.Lp, germinal epithelium; M's't, mesentery; n.t, nephrogenous tissue ; 7'.i, 2, 3, primary’ 
secondary, and tertiary mesonephric tubules ; V.c.p, posterior cardinal vein ; W.D, Wolffian duct. ’ 

of segments whose nephrocoeles have opened out and become confluent 
with the pericardial cavity, and whose blood supply forms a glomus pro¬ 
jecting into it, Figs. 522, 678. The pronephros atrophies at meta¬ 
morphosis, its duct remaining in the mesonephric region. 

Long before this atrophy the mesonephros has made its appearance 
further back in the nephric fold carrying the pronephric duct (Furbringer, 
1 &75 > ^ ialleton, 1890 ; and especially Wheeler, 1072). The mesonephric 
tubules arise on the medial wall of this fold as thickenings of the peritoneum, 
which proliferate inwards, join and penetrate the wall of the duct. These 
cords of cells or tubule rudiments lengthen, separate off from the perito¬ 
neum, acquire a lumen, and expand at their inner ends into capsules into 
which blood-vessels are pushed, while their opposite ends open into the 
longitudinal duct. Thus each tubule has a Malpighian body, but no 
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peritoneal funnel. Doubtless the cells of the rudiments were originally 
derived from the nephrotomes, which, however, at this late stage have 
become broken up and scattered. The rudiments are not strictly seg¬ 
mental, in most of the mesonephric region number about six to a segment, 
and several may join to open into the duct. 

More interesting and instructive are the structure and development 



Fig. 673. 

Diagrams of the urinogenita] system in the Craniata. A, Hypothetical ancestral stage with 
continuous archinephros ; B, Cyclostome with anterior pronephros ; C, female Gnathostome (adult) ; 
D, male Gnathostome (adult), ad, Archinephric duct ; art, anterior vestigial tubule ; at, archi- 
nephric tubule ; c, Malpighian capsule ; cl, cloaca ; Ic, longitudinal canal; ntd, Mullerian duct; 
msd, mesonephric duct ; tnsf, mesonephric funnel ; of, coelomic funnel ; ov, ovary ; pf, coelomo- 
stome (funnel) ; prd, pronephric duct ; prf, pronephric funnel ; prt, posterior vestigial tubule ; 
r, vestigial network of vasa efferentia ; sf, secondary funnel; te, testis; tt, tertiary tubule; vc, 
vas efferens. The vestigial oviduct and the embryonic pronephros are represented by dotted lines in 
C and D. (From Goodrich, Vert. Craniata, 1909.) 


of the renal organs of the Myxinoidea (J. Muller, 1836 ; Weldon, 1070; 
Maas, 1036; Spengel, 1065; Semon, 1061; Kirkaldy, 1034; Dean, 1003; 
Price, 1047 ; Conel, 1001). It is a remarkable fact that these Cyclo- 
stomes preserve the pronephros in adult life as an organ of consider¬ 
able size projecting on each side of the oesophagus into the pericardial 
coelom (which retains a wide communication with the coelom of the 
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trunk on the right side). Each pronephros consists of a number of 
tubules opening on the one hand by very numerous branches ending in 
funnels (nephrocoelostomes) into the cavity of the pericardium and on 
the other hand into the remains of the longitudinal pronephric duct. 
Figs. 679, 680. The latter is degenerate and discontinuous, its com¬ 
munication with the more posterior mesonephric region being inter¬ 
rupted. The tubules are surrounded by blood-spaces and the latter may 
secondarily open into the duct (Conel, 1001 ; compare Anura, p. 669). 
Posteriorly is a glomus projecting into a chamber almost closed off. 
The function of this modified adult pronephros is probably in the main 
phagocytal. 



Fig. 674. 

dev * ,0 Pment of mesonephros of Squalus acanthxas (after T. Borcea iqos 

K 1 n“rc/ 1 ° , C it I dlnal B ’ ^^^PhrXi^hambe?. °rL , P a nd o?ex^toiy^lieaing 

SEule ■ i,/, peritS'f°u"nSd P ‘ S 'ta chamber. /'.Funnel canal; g „, glandulaf 


The mesonephros extending along the whole length of the trunk coelom 
is no less remarkable, for it consists on each side of a longitudinal duct 
(former pronephric duct) provided with short tubules segmentally disposed 
one pair to each segment. Each tubule ends blindly in a Malpighian body 
with capsule and glomerulus. The ducts open behind into the cloaca. 
The loss of peritoneal funnels is a sign of specialisation, but in other 
respects the mesonephros of Myxinoids is the most primitive known 
among Cramata, since it retains in the adult the presumably original 
strictly segmental disposition of the tubules and Malpighian bodies 

The early development is of great interest and has been well described 
y Price (1047) in Bdellostoma. The nephrotomes develop nephrocoeles 
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from about the 10th to the 80th segment of the trunk, and become some¬ 
what constricted, the middle portion forming the rudiment of a tubule 
and the outer thickened wall the rudiment of the longitudinal duct in 
each segment. From about segment 30 backwards the nephrocoeles 
become shut off from the splanchnocoele and give rise to Malpighian 
bodies ; but from about the 30th segment forwards the nephrocoeles, on 



D E 


Fig. 675. 

Diagrams illustrating late development of mesonephros of Squalus acanthias (after J. Borc6a, 
19059 from I hie, Vergl . Anat ., 1927). D, Growth from primary chamber of secondary chambers and 
canals. E, Opening of secondary capsules, derived from secondary chambers, into base of primary 
tubule, now collecting tubule (for lettering see Fig. 674). 

the contrary, expand, fuse, and open out, merging with the general coelom, 
and in this region no glomeruli are formed. The limit between pronephros 
and mesonephros corresponds not to that between open and closed tubules, 
but occurs at about the 33rd segment where develops the pericardial wall. 
In front of this is formed the adult pronephros, composed of some three 
posterior closed and eighteen more anterior tubules all collected together. 
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and preserving open nephrocoelostomes. For, as the gill-sacs and heart 
move backward in development (Dean, 1003) the more anterior fifteen 
tubules are drawn backwards and crowded together, losing their original 
segmental disposition, and the duct is correspondingly shortened up. 

As indicated above, the longitudinal duct is formed in situ by the 
coalescence of segmental contributions from each nephrotome along its 
course, its lumen being an extension of the nephrocoeles. Towards the 
posterior end where the duct opens into the cloaca (p. 710) the tubules 
are vestigial, and in about the last four segments the whole nephrotome is 
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Fig. 676. 

Reconstructed outlines of hind end of mesonephric duct and ureter in Bird embryos as seen 
from the left side. (After Schreiner, 1902.) A, Duck embryo with 48 segments; B, duck embryo 
with 50 segments; C, duck embryo, 1075 mm.; D, fowl embryo, 135 mm. mn, Mesonephros: 

ur 9 ureter. The Arabic numerals indicate the position of the mesoderm segments. (From Kerr* 
Embryology , 1919.) c> \ 


included in the formation of the duct. There are several points of import¬ 
ance to be noticed in the development of the excretory organs of Bdello- 
stoma : (a) The tubules at first form a continuous uninterrupted segmental 
series ; (b) no secondary tubules are formed ; (c) the nephrocoeles of the 
more anterior tubules become confluent with the splanchnocoele (pericardial 
cavity), and the more posterior and greater number become closed 
capsules surrounding glomeruli; ( d) no peritoneal funnels persist; ( e ) the 
limit between pro- and mesonephros does not coincide with that between 
open and closed tubules ; (/) only one longitudinal duct is developed on 
each side, and it is formed by the coalescence of segmental rudiments 
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from the nephrocoeles along its whole length ; ( g ) at first continuous, the 

duct becomes later interrupted between the pro- and mesonephric 
regions. 

Distinction between Pro-, Meso-, and Metanephros.— Three different 
views have been held with regard to their general morphology. Gegen- 
baur, W. Muller, Koelliker, Fiirbringer, held that they are three different, 
not homologous organs which replace each other completely. Sedgwick 



Fig. 677. 

Transverse section through metanephros, mesonephros, gonads, and neighbouring parts of an 
8-day chick (from F. R. Lillie, Devclt. Chick, 1919). b.l.v. Blood-vessels (sinusoids) ; B.W, body- 
wall ; col.T.M’t’n, collecting tubules of metanephros ; M.D, Mullerian duct; M's't, mesentery; 
n.t.i.z, inner zone of nephrogenous tissue (metanephric) ; n.t.o.x, outer zone of nephrogenous tissue ; 
Symp.Gn, sympathetic ganglion of twenty-first spinal ganglion ; V.C, centrum of vertebra. Other 
letter- as in Fig. 691. 

and Balfour, on the contrary, looked upon them as merely parts of one 
continuous organ, which develop successively from before backwards; 
while Riickert held a somewhat intermediate view regarding them as 
three generations of similar tubules each more dorsal than its predecessor. 

When the development of the mesonephros and metanephros was 
accurately worked out it had to be admitted that they are essentially of 
the same nature, and that the peculiarities of the metanephros are related 
to its late appearance and more specialised structure. The comparison 
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Fig. 678. 

wJ^ r ? CI T, t0ry f ° f \P^omyz°n fluviatilis, 22 mm. in length, from the inner side (After 

^,^91^) hC pr ° nephrOS and meSOnephros 15 a Portion wanting in tubules. (From Kerr. Embryo- 
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of the mesonephros with the pronephros is, however, not so easily made, 
and there is still much doubt as to the exact relation they bear to each 
other. The distinction once drawn between them as to structure (absence 
of peritoneal funnels, capsules, and glomeruli in pronephros) has broken 
down since Balfour described the pronephros of Lepidosteus and Brauer 
of Hypogeophis. It is also established that in both organs the tubules 
develop in essentially the same way from nephrotomes. Moreover, if it 
is true that secondary tubules are characteristic of the mesonephros and 
have never been proved to occur in the pronephric region, it must be 
remembered that they are totally absent in Myxinoidea, and that in any 
case this distinction is not fundamental. In many forms secondary 
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Fig. 680. 


2 ? rUCt L°“ °! head-kidney of BcUllostoma stouti (after Conel, 1917; from Ihle, Vergl. Anat 
tustmai h ro . ne P. hnc °P° n b y numerous branches into pericardial coelom ; primary longi- 

tuHn? ? interrupted, eaving short anterior ‘central canal' disconnected from posterior lonf- 

into I card^S°v^v. riC *’ P ° mtS at whlch P rone P hric tubules and central canal open secondarily 


tubules do not appear in several of the anterior segments of the meso¬ 
nephros, Fig. 673. 

Kerens has no doubt rightly insisted that there are no constant and 
fundamental differences in the development of the posterior pronephric 
and anterior mesonephric tubules of Amniota. Even the distinction, 
that, whereas the pronephric tubules are from the first continuous with 
the duct they help to form, the mesonephric tubules only secondarily 
fuse with it, breaks down ; since a few of the posterior pronephric tubules 
may become connected with the duct in just the same fashion. The 
history of the tubules in Bdellostoma clearly shows that the anterior 
(pronephric) and posterior (mesonephric) are serially homologous organs 
which have diverged in structure in adaptation to different functions 
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Moreover, the longitudinal duct is here derived all along its course from 
their outer ends. There can be little doubt that in Myxinoids pronephros 



and mesonephros represent two portions of an originally continuous and 
uniform archinephros with its archinephric duct; and it seems reasonable 



XIII 


GENITAL DUCTS 


685 


to suppose that the same conclusion holds for other Craniates in which, 
however, a secondary multiplication of tubules has taken place posteriorly. 
The only serious difficulty attending this interpretation is presented by 
the mesonephric duct. For if it is really separated off from the nephro- 
tomes all along its course (Petromyzontia, Urodela, Anura), it might be 
objected that the first generation of tubules had therefore been exhausted 
in its formation, that the usual development of the duct by free backward 
growth (Selachii, Amniota) represents the same process shortened up in 
ontogeny, and that the mesonephric tubules must consequently belong to 
a second series. But it seems more probable that the material which 
goes to form the duct in these forms only represents the outer ends of the 
tubules, temporarily separated off from their inner ends, which two 
regions later on again become connected together. We may suppose, 
then, that the original mode of formation of the duct is seen in Myxinoids 
and less clearly in Petromyzon and some Amphibia ; but that in other 
Craniates there has been an increasing tendency for the duct to be pre¬ 
cociously developed while the tubules are delayed, and that backward 
free growth is merely a developmental device for the purpose. 

Conclusion.—It may be concluded that the Craniata were originally pro¬ 
vided throughout the trunk with a continuous series of segmental excretory 
tubules opening by peritoneal funnels into the coelom, and that by the 
growth backwards and coalescence of their outer ends they formed a 
longitudinal duct leading to the cloaca. Further, that such a primitive 
uniform archinephros no longer exists in any living form, but that owing 
to specialisation the series became differentiated into pronephric and meso¬ 
nephric (opisthonephric) regions. Such a stage is represented in Myxi¬ 
noids. The tendency for the pronephric tubules to develop early and to 
be replaced by later and more posterior tubules led to further specialisation 
of the pronephros, to the early completion of the duct before the meso¬ 
nephric tubules developed, and their consequent secondary union with 
the duct. Instead of the duct being formed by the fusion of a succession 
of segmental rudiments, it tended more and more to be produced by the 
anterior tubules which grew freely back to the cloaca. Meanwhile, 
owing to the increasing importance of the mesonephros, the tubule-forming 

tissue (nephrotome) produced numbers of secondary tubules, and the 
original segmentation was lost. 

THE GENITAL DUCTS OF GNATHOSTOMATA 

Since the original function of the segmental tubules of the Vertebrata 
was probably to convey the spermatozoa and ova to the exterior (see 
p. 718), we might expect to find them still serving this purpose even in 
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the highest forms. Such indeed is the nature of the genital ducts in the 
male sex of all the Gnathostomes, though secondary specialisation may 
lead to considerable modification of their primitive structure. 

The gonads develop in both sexes along paired genital folds, extending 
along nearly the whole length of the splanchnic coelom in primitive 
forms. The germ-cells develop chiefly on the outer (lateral) surface of 
each fold, but tend in higher forms to become more and more restricted 
to a short fertile region, while the anterior and posterior parts of the 
fold become sterile and degenerate. Now, it is an important fact 
that, while in the female sex the ova when ripe fall into the general 
splanchnic coelom (except in certain Actinopterygii, see p. 701), and 
are carried thence to the exterior usually by specialised ducts (p. 694), 
this primitive condition is never preserved in the male Craniata, except 

in Cyclostomes (p. 707). 
The testis of the male 
Gnathostome is always 
completely shut off from 
the general coelom 
(splanchnocoele), Fig. 
681. The spermatozoa 
are never freely shed 
into this cavity, but are 
conveyed by a system 
of vasa efferentia to the 
primary mesonephric 
tubules and thence down 
the mesonephric duct 
to the exterior (see, 
however, secondary modifications in certain Osteichthyes described 
below). 

In the more primitive condition, seen in Acipenser , Lepidosteus, 
Amia , and many Amphibia, the vasa efferentia extend across from 
testis to mesonephros along the whole length of the gonad. They 
usually join to form a longitudinal marginal canal (Nierenrandkanal of 
Felix), and while the transverse canals running from the marginal canal 
to the kidney are necessarily segmental since they open into the anterior 
primary mesonephric tubules, those passing from the testis to the marginal 
canal are usually more numerous, less regular, and frequently anastomose. 
There is a tendency for this anterior genital region of the mesonephros to 
lose its renal function, for its secondary tubules to degenerate, and for 
the posterior region to enlarge and take on the chief function of excretion. 


mb 

0 



t 


Fig. 681. 

Diagram showing relation of mesonephric tubule to testis in 
Gnathostomes (except Selachian ?). mb, Bowman’s capsule; ms, 
mesentery ; msd, mesonephric duct; ptf, peritoneal funnel; 
sc, splanchnic coelom ; /, testis with seminiferous tubules; tb, 
glandular tube; td, testis duct or marginal canal; vc,' vas 
efferens. 
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In the various groups there is also a tendency for the vasa efferentia to 
become restricted to either the anterior or the posterior region of the 
testis, and for the tubules into which they open to become simplified by 
the reduction of the coiling and disappearance of the Malpighian body; 
Fig. 682. 

The whole system of channels leading the spermatozoa into the 
kidney tubules, and known as the testicular network, may be con¬ 
sidered as of originally coelomic nature and has probably arisen by 



Fig. 682. 

A, B, C, and D, diagrams of the urinogenital organs in male Dipnoi and Trleostomi. A Acipenser 

( Lepidosteus and Amia are similar, but without the funnel, md) ; B, Teleostei : and C Polypterus 
(from Budgett’s figures) ; D, Protopterus (from W. N. Parker’s figures) ; E, urinogenital papilla of 
a female Salmo, ventral view ; F, similar view of a male Polypterus (after Budgett). a Anus • ap 
abdominal pore; be, renal capsule ; c cloacai bladder; gp, genital papilla ; k, mesonephros; 
id, longitudinal duct; lid, longitudinal testis duct; md, Mullerian duct; msd, mesonephric duct • 
op, oviducal pore ; r rectum ; t, testis ; ugp, urinogenital pore ; up, urinary pore ; us, uiW 
genital sinus ; vd, vas deferens ; ve, vas eflerens. (From Goodrich, Vert. Craniaia, 1909.) 

folds of the coelomic epithelium closing off ciliated grooves extending 
from the peritoneal funnels of the mesonephros to the genital fold. 
But the detailed homology of the various parts of the network is 
by no means thoroughly understood. The whole surface of the 
testis becomes covered by coelomic epithelium, while seminiferous 
tubules develop in its thickness; these open into a collecting or 
central longitudinal testis canal from which start the vasa efferentia, 
Figs. 673, 681. 
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In Elasmobranchs the testicular network is restricted to the anterior 
region of the testis, Fig. 684. The number of vasa efferentia may 
still be considerable in sharks, but in skates may become reduced to the 
most anterior one. The renal tubules of the genital region degenerate, 
and the twisted anterior part of the mesonephric duct (Wolffian duct, 



Fio. 683. 

Diagrams of the female urinogenital ducts in the Dipnoi and Teleostomi derived from the figures 
of various authors. A, Protoptcrus (after Ayers and W. N. Parker) ; B, Polyptcrus (after Budgett) ; 
C, Amia (after Hyrtl and Huxley) ; D, Lepidostcus (after Balfour and Parker) ; E, a Teleost with 
closed ovisac ; F, a Salmonid (after Weber), ap. Abdominal pore ; c, cloacal bladder; cl, cloaca ; 
f, open funnel of oviduct ; k, mesonephros; msd, mesonephric duct ; o, ovary; od, oviduct ; 
op, genital papilla and pore ; ovs, closed ovisac ; r, rectum ; ugp, urinogenital papilla ; up, urinary 
pore. In all the figures, except F, only the right oviduct is completely drawn. (From Goodrich, l ert. 
Craniata, 1909.) 

duct of Leydig), no longer renal in function, becomes glandular and 
secretes a white fluid (Semper, 1063 ; Balfour, 985 ; Borcea, 99 *)- The 
mesonephric peritoneal funnels which connect with the testis apparently 
reach its central canal into which they open (Balfour). Where it 
exists the longitudinal anastomosis or marginal canal appears to 
be derived from the capsules of the simplified Malpighian bodies 
(Borc6a). This is not the case in other fishes, such as Dipnoi, and 
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lower Teleostomes, where the funnels appear to reach no further than 
the marginal canal. 1 

The extension of the testicular network along the whole testis seen in 
primitive forms is modified in Ceratodus 2 and Lepidosiren w'here only 



Fu°; 


J Cy l l rZ C ?? iCUl Z * , Unn0g T tal ? rgan ! of . f 5 ‘ male - A * aiid mal e. B, ventral view, abp. Abdominal 
1 ,re • c f> cloaca . C P> dasper; /, vestige of oviduct in male ; A Id, ducts of posterior region of kidney 
^ureters) ; mtn, posterior excretory region of mesonephros (opisthonephros) ; od, Mullerian oviduct^ 
o*. cut end of oesophagus ; og oviducal gland; or, ovary ; P.f, pelvic fin ; R, rectum; s.s sperm-sac 1 
T testis , up, urinary papilla in 9 ; ugp, unnogenital papilla in ; us, urinary sinus * ve vasa 

nentfr^i 13 ’/Jr*’ ve ^ lc, i la J^ minal1 !. > WD > Wolffian mesonephric duct; WG, Wolffian gland or meso¬ 
nephros. (From G. C. Bourne, Comp. Anatomy, 1902.) b 


some half-dozen vasa efferentia persist at the hind end of the testis 
(Kerr, 1032; Semon, 1062; Ballantyne, 986). In Protopterus they are 
still further reduced to a single canal leading from the degenerate sterile 

1 The exact relation of the testicular canals and marginal canal to the 
mesonephric tubules and peritoneal funnels has not yet been satisfactorily 
described in the various groups of Pisces. 

needed detailed descn P tlon of the urinogenital organs of Ceratodus is urgently 
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tubular posterior region of the testis through the posterior mesonephric 
tubules to the base of the mesonephric duct (Kerr, 1032). 

The Teleostomes show similar specialisations. While the more primi¬ 
tive forms, as mentioned above, have vasa efferentia all along the testis, 



Fig. 685. 

Diagram of the urinogenital system of (A) a male and (B) a female Urodele ; *°H”dedwhich 
preparation of Triton tacniatus. (After J. W. Spengel.) a, Collecting tubes of the 2 J nary 

open into the Wolffian (urinogenital) duct ( Ig) ; in the female the latter serves simply n a f j£ r tion 
duct (Ur), and the system of the vasa efferentia (testicular network) is vestigial , GN, , a ™ exua ] 

of kidney (epididymis of the male) ; Ho, testis ; mg, mg , Mullenan duct ; A • . y e V asa 

portion of kidney; Ot, coelomic aperture of Mullenan duct (oviduct , Od) ef i er sheim, 

efferentia of testis which open into the longitudinal canal of the mesonephros, f. (From \Y 

Comp. Anatomy.) 


in Polypterus (Budgett, 10 ; Kerr, 1033) the sterile posterior end of 
this organ consists of a collection of testicular canals leading to a single 
duct opening into the urinogenital sinus (base of mesonephric duct). 
The sperm thus no longer passes through the kidney at all, Fig. 682. 
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A structure of apparently similar origin is seen in the Teleostei (Kerr, 
840). For in this group the testis is always quite separate from the 
kidney, and discharges its products usually into the base of the meso¬ 
nephric ducts by a tubular prolongation which in some cases has been 
shown to be made up of testicular canals (Jungersen, 1028). The sperm- 
duct of the Polypterini and Teleostei is, then, to be interpreted as formed 
chiefly of the marginal canal which has grown backwards and come to 
open into the Wolffian duct separately from the kidney. Its opening 
into the duct may represent a single posterior tubule. 


In Amphibia (Spengel, 
1064) is also found an exten¬ 
sive testicular network in the 
more primitive Apoda and 
Urodela, with usually a well- 
developed marginal canal 
(Nierenrandkanal). But in 
Anura the network tends to 
become shortened, Figs. 
681, 685-6. 

The Amphibian network, 
however, is apparently of 
somewhat different structure 
from that of the fishes de¬ 
scribed above, since the 
primary peritioneal funnels 
open not into the vasa 
efferentia or marginal canal, 
but as usual into the splanch- 



Fig. 686. 


me coelom. The transverse . P^ram of a portion of the male generative apparatus 

«n the Gymnophiona. Ho, Testis ; HS, urinogenital duct; 
canals from the marginal K > testicular capsules; M, Malpighian capsules; N, 
. . . 0 kidney; Q, transverse canals connecting the collecting 

canal communicate with the duct w,th the longitudinal canal (L, L ) ; Q\ second series 

of transverse canals ; S, convoluted portion of urinary 
tubule; Sg, collecting duct of testis; ST, nephrocoelo- 
stome. (From Wiedersheim, Comp. Anatomy.) 


tubules at or near the cap¬ 
sules of the Malpighian bodies. 


In ontogeny the whole network seems to arise from solid outgrowths 
of the capsules (Hoffmann, 1022; Semon, 1058-9; Gemmill, 1013). 

Except in Apoda the peritoneal funnels degenerate in the adult, and 
in Anura the Malpighian bodies as well. 


The testicular network of the Amniota is doubtless built on the same 
plan as that of the Amphibia ; but no open funnels persist, and they are 
usually only vestigial and closed even in development. The anterior 
region of the mesonephric duct, and the group of simplified tubules 
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derived from this end of the mesonephros and opening into the testicular 
canals, here constitute the epididymis of the adult. 

There has been much difference of opinion concerning the homology 
of the network and the mode of development of its various parts in 
Amniotes. It is generally derived from a combination of ‘ rete-cords ’ 
with ‘ sex-cords ’; the former often appearing as solid rods of cells growing 
out of the capsules of Malpighian bodies, or directly from the coelomic 



Fig. 6S7. 

Cross-section through genital primordium of Limosa aegocephala (after Hoffmann, fronn I. R- 
Lillie, Dcvclt. Chick, 1919). The stage is similar to that of a chick embryo of 4i days. yf"T nai 

epithelium; Ms.I, mesentery; S.C, rete-cords; V, posterior cardinal vein; W.D, Voltnan 

epithelium. Fig. 687. The sex-cords are derived directly or indirectly 
from the epithelium of the genital ridge. As a rule these structures 
extend over more segments in young stages than in older (only those 
towards the middle persist to form the vasa efferentia), indicating that in 
Amniota also the genital region has been shortened and chiefly from 
behind. Both rete-cords and sex-cords are said to be derived from out¬ 
growths of the capsules by some authors (Braun, 1877-8, Weldon, 1071, 
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Hoffmann, 1022, in Reptiles ; Semon, 1057 ; Hoffmann, 1022, in the 
Chick; Saimont, 1903, von Winiwarter, 1076, in Mammals); while 
Janosik (1027) derived both from the coelomic epithelium. Most observers 



Diagrams of development and homologies of Urinogenital system in Mammal, omitting kidneys 
(after v. Milhalkovics, from M. Weber, 1927). I., So-called indifferent stage, II., female, III., male. 

a > Anus ; C, cloaca ; cl, clitoris ; cm, urinogenital canal ; e, ova ; E, epididymis ; Ep, epoophoron ; 
gm, glomeruli ; glv, glandula vesicularis ; gst, genital cord ; Js, sex-cords ; K, germinal epithelium, 
Kh, of testis, Ko, of ovary ; M, M.t, Mullerian duct ; MU, uterus ; P, perineum ; Ps, penis ; R, 
rectum ; RH, rete Halleri ; sk, seminiferous canals of testis ; su, sinus urinogenitalis ; 7 , Mullerian 
funnel ; Th, hydatid of Morgan ; Tt, ostium abdominate ; t.W, mesonephric or Wolffian tubule ; u, 
urethra ; vg, vagina; vm, vagina masculina (uterus masculinus); \V , Wolffian body or mesonephros ; 
Wg, Wolffian or mesonephric duct —Wgg, duct of Gartner in 9, and Wgv, vas deferens in £. 

now agree that the rete-cords come from the capsules or the peritoneum 
just lateral to the genital ridge, and the sex-cords from the germinal 
epithelium (Milhalkovics, 1041). This conclusion is probably correct and 
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agrees best with the development of these parts in lower Gnathostomes, 
if we take the rete-cords to represent peritoneal funnel-canals leading to 
the capsules. 1 The observation of transient funnel-like structures joining 
the rete to the coelomic epithelium in the embryo of reptiles and mammals 
supports this interpretation (Allen, 981, in Chrysemys ; Fraser, 1010, in 
Marsupials ; Brambell, 994, in the mouse). In the higher mammals, 
however, these vestiges of funnels appear to be no longer recognisable 
(Allen, in pig, 980 ; Felix, in Man, 1006); and the rete-cords, then, have 
the appearance of prolongations of the sex-cords reaching the blind ends 
of the mesonephric tubules into which they eventually open, Figs. 688-9. 

Our general conclusion with regard to the Tetrapoda is that the testicu¬ 
lar network is formed by the combination of seminiferous tubules derived 
from the testis with mesonephric tubules originally provided with a 
peritoneal funnel opening into the splanchnocoele ; that the junction of 
the two takes place in the region of the funnel-canal or capsule ; and 
that, especially in the Amniota, the funnels themselves disappear more 
or less completely even in ontogeny. Anastomosis between the transverse 
vasa efferentia (Bowman’s capsules ?) gives rise to a longitudinal marginal 
canal. 

It is important to notice that the system of vasa efferentia, marginal 
canals, etc., in fact, the whole testicular network, is usually more or less 
completely developed in the female sex, though its vestiges may be much 
reduced in the adult, Figs. 685, 688. 

The Mullerian Duct and Oviduct. —Besides the ducts described above, 
there exist in both sexes of Gnathostomes paired Mullerian ducts leading 
from the splanchnocoele to the exterior. They extend along the nephric 
folds, passing back on the outer side of the mesonephric duct (earlier 
archinephric duct), and primitively open in front close behind the septum 
transversum by a wide funnel into the coelom, and behind into the cloaca. 
They reach the front end of the cloaca by passing inwards ventrally to the 
mesonephric ducts. In the female sex the ova are shed into the splanchno¬ 
coele and are carried to the exterior by the Mullerian funnels and ducts ; 
in the male the ducts are vestigial, apparently functionless, and rarely 
open into the cloaca. In spite of the general resemblance of these ducts 
throughout the Gnathostomes their phylogenetic origin is still obscure, and 
owing to their apparent absence in some forms (certain Teleostomes) and 
discrepancies in their development, their very homology has been doubted. 

1 Such funnels represent the original communication of the nephrocoele 
with the splanchnocoele ; but, owing to modifications in development, might 
easily appear as ingrowths from the coelomic epithelium towards or as out¬ 
growths from the capsules. 
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All Tetrapoda are provided in the female with Mullerian ducts serving 
as oviducts/ Figs. 700-1. Their glandular wall secretes the albumin¬ 
ous covering and protective shell of the egg present except in some 
Marsupials and the placental Mammalia. Each duct opens in front by 
a wide ‘ ostium abdominale ’ or Mullerian funnel often provided with 
extensive ciliated lips drawn out in Mammals into fimbriated lobes. 
In the lower forms (Amphibia) the funnel retains its position far 
forward, Figs. 625, 685 ; but in others there is a progressive tendency 
for the duct to become shortened in the adult, and for the funnel to be 
drawn back to nearer the posterior region of the coelom of the trunk, 
especially in Mammals. In the Placental Mammals the two ducts fuse 



Fig. 690. 


Sections through developing Mullerian duct of a 34 mm. tadpole of R. sylvattca (after Hall, 
from W. E. Kellicott, Chordate Develt.). A, Section passing through beginning of Mullerian evagination. 
B, Section posterior to A ; duct established but still connected with peritoneum. C, Section still 
farther posterior, showing separation of duct from peritoneum. M, Mullerian duct; p, peritoneum ; 
t, third pronephric tubule. 

to a median vagina at their base, and in the higher groups their swollen 
uterine regions may also fuse to a median uterus. 

Concerning the development of the Mullerian duct in the Tetrapoda 
there has been much controversy and the question cannot yet be con¬ 
sidered as definitely answered. Balfour and Sedgwick maintained that 
in the chick the funnel is derived from the pronephros and the duct itself 
is split off from the archinephric (primary or Wolffian) duct. Most of 
the earlier observers believed this to be the usual mode of development 
of the Mullerian duct in Amniotes. In adopting this interpretation they 
were doubtless influenced by the fact that such had already been shown 

1 It has long been known that as a rule in Birds only the left ovary and 
oviduct are fully developed and functional in the adult. The left oviduct 
early ceases to grow and the left ovary likewise becomes atrophied. Occasionally 
these organs may be developed on both sides (Gadow, 1912). 
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to be the origin of the Mullerian duct in Selachians (Semper, 1063; 
Balfour, 317). 

But it seems now to have been satisfactorily established by later 
workers that, at all events in Amniotes, the Mullerian funnel is developed 
by the closing over of a groove on an area of thickened epithelium (funnel 
area) situated at the edge of the anterior end of the nephric folds, and 
passing back along the lateral surface of the mesonephros towards the 
cloacal region as a longitudinal band of thickened coelomic epithelium 



Fig. 691. 


Transverse section through mesonephros and neighbouring parts of a 6-day chick, in region of 
spleen (from F. R. Lillie, Dcvelt. Chick, 1919). Ao, Aorta; bl.V, blood-vessels (sinusoids); Caps, 
capsule of renal corpuscle ; Cocl, coelom ; col.T, collecting tubule ; D, dorsal ; Giz, gizzard ; Glom, 
glomerulus ; Gon, gonad ; L, left ; Spl, spleen ; Sr.C, cortical substance of suprarenal ; s.t, secreting 
tubule ; T.R , tubal ridge ; V, ventral ; V.c.p, posterior cardinal vein ; V.s’c.l, left subcardinal vein; 
W.D, Wolffian duct. 

often called the ‘ tubal ridge’, Figs. 690-91. The groove forms a pit (some¬ 
times two or three pits) which remains open in front and projects as a blind 
end into the fold behind (see further, p. 698). The opening becomes the 
ostium abdominale ; the blind end gives rise to the duct itself by growing 
backwards independently between the outer f tubal ridge ’ and the inner 
Wolffian duct, receiving contributions from neither of these structures 
(Braun, 1877-8 ; v. Milhalkovics, 1041, in Reptilia ; Lillie, 845, and others, 
in Gallus; Fraser, 1010, in Marsupialia ; Felix, 1005 ; Brambell, 994, 
and others, in Man and other Placentalia). 
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In the Amphibia also there extends back from the funnel area a band 
of specialised coelomic epithelium. According to Semon (1058-9) and 
Brauer (995) in Apoda the duct grows backwards from the funnel 
independently of both this band and the Wolffian duct. But according 
to some it may be derived anteriorly from the epithelium (MacBride, 1037, 
in Rana ; Wilson, 1075 , in Urodela), and according to others from the 
wall of the Wolffian duct (Gemmill, 1013, in Urodela ; Hall, 1019, in 
Anura and Urodela). On the whole, the evidence seems to point to the 
Mullerian duct developing either independently, or possibly from the 
Wolffian duct at its posterior end only. 

Scarcely less difficult to determine is the relation of the Mullerian 
funnel to the segmental tubules in Tetrapods. Clearly it is not merely 
an enlarged pronephric or mesonephric funnel ; yet it seems generally 
to be related to the pronephric or anterior mesonephric tubules. Although 
Brauer (995) states that in the Apodan Hypogeophis the funnel area has 
no connexion with pronephric peritoneal funnels, it has been shown by 
H. Rabl in Salamandra (1049) and by Hall in Urodela and Anura that 
the Mtillerian funnel is developed from an area at first continuous with 
the lips of one or more pronephric nephrocoelostomes. According to 
Hall’s careful description of Amblystoma, patches of thickened coelomic 
epithelium extend ventrally in the pronephric chamber from two nephro¬ 
coelostomes ; and a groove or funnel-like depression occurs in each patch. 
The patches join to a longitudinal funnel area, the blind ends of the pits 
grow back, fuse, and continue posteriorly as the rudiment of the duct. 

The funnel area passes forwards and downwards below the developing 

• • 

floor of the pronephric chamber, its edges close over, carrying the persisting 
opening of the posterior pit to its definitive position at the side of the 
liver. The ostium abdominale is thus originally derived from a patch of 
epithelium probably representing the remains of one or more pronephric 
peritoneal funnels. Although no such definite connexion with the pro¬ 
nephros has been described by recent observers in the Amniota except in 
the Crocodile (Wilson, 1074), yet the funnel area is usually situated very 
close to the vestigial pronephric or anterior mesonephric tubules. Certain 
structures in Mammals have been claimed by de Winiwarter (1076) and 
Wickmann to be remains of a connexion with the segmental tubules, and 
the latter describes pronephric funnels opening on the funnel area. 
Both in Birds and Mammals several depressions may occur on the surface 
of the area, and these may perhaps be interpreted as the last vestiges of 
peritoneal funnels ; sometimes they give rise to accessory Mullerian 
funnels. Recently Brambell (994) has described the origin of the 
Mullerian funnel in the mouse from an invagination of the coelomic 




Fig. 692. 

Re P r l oductive or 6 ans of female ; the inner surface of the right and the out< 
°* thc t left ° t var y shown coel.ap Coelomic aperture of oviduct; l.ov, left ovary; l.ov 

roJTrt ht"‘SS; oviduct ; r.o*; right ovary; r.ot/, its posterior termination 

r.ovd, right oviduct. (After Gunther, from Parker and Haswell, Zoology.) 


r.ov 


L.ov 


r.ov ' 



700 


EXCRETORY ORGANS 


CHAP. 


epithelium in front of the mesonephros and occupying the same position 
on the uiinogenital ridge as the peritoneal funnels further back. 

The Dipnoi are provided with typical Mullerian ducts, which function 
as oviducts in the female. It is in this group that we might hope to find 
a clue to their morphology, but unfortunately they appear late, and their 
development is quite unknown, Fig. 692. 

In Elasmobranchs the Mullerian ducts are both well developed and 
arise early in ontogeny, Figs. 684, 618-20. The funnels combine in the 
adult to a median ventral ostium situated behind the transverse septum 
and below the oesophagus and attachment of the liver. The ducts in the 
female acquire a large size, have a definite region specialised for secreting 
the egg-case, and open usually independently into the cloaca. 1 Although 
typical Mullerian ducts in function and anatomical relationships, they 
have been shown to develop from the pronephros and its duct (Semper, 
1063; Balfour, 317). The funnel area is derived directly from the 
degenerate pronephric funnels, which combine to a single posterior opening 
(Balfour, Rabl, and others) ; it leads into the persisting last pronephric 
tubule and so to the longitudinal duct. The Mullerian duct itself develops 
by the gradual splitting off from before backwards of a second duct from 
the original primary duct. This progressive constriction of the primary 
duct into two gives rise to an upper true Wolffian duct and a lower Mullerian 
duct carrying the funnel at its anterior end. Posteriorly the two ducts 
come to open separately into the cloaca. Figs. 669, 670, 684. 

Obviously, there is a striking difference between the development of 
the Mullerian ducts in Selachii and Tetrapoda ; indeed, many have 
doubted its homology in the two groups. Yet so similar are the ducts 
in the adult condition both in function and in anatomical relationship 
that it can scarcely be doubted that they are homologous throughout the 
Gnathostomes (leaving the Teleostomes aside for the present; see below). 
Their constant presence in both sexes is a distinctive feature, and an 
important point is that in early stages the Mullerian funnel always occupies 
the same position—just behind the septum transversum and extending 
along the free edge of the anterior end of the nephric fold where it stretches 
down to the liver, Figs. 618-20, 625, 628, 649. Were it not for 
differences in its mode of development the homology of the Mullerian 
duct in Selachians and Tetrapods would scarcely have been questioned. 
But it is possible that these differences may be reconciled when its 
development becomes known in Holocephali and Dipnoi ; and it is not 

1 Vestigial funnels remain in the male where the greater part of the duct 
is usually obliterated, but the posterior ends give rise to the ' seminal vesicles 
(uterus masculinus). 
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impossible, even now, to devise a provisional reconciliation. Further 
knowledge of the development in other groups may enable us to solve this 
problem. 1 

Turning, now, to the conditions found in Teleostomes, the first fact 
that emerges is that in none of them have typical Mullerian funnels and 
ducts been found. This is one of the many features in their structure 
which exclude the Teleostomi from the direct line of ancestry of the 
Tetrapoda. When oviducts occur they are relatively short and their 
openings always somewhat far back, and, except in Acipenseridae, nothing 
resembling a Mullerian duct appears in the male, Fig. 682. Moreover, the 
oviduct extends along the outer side of the genital ridge close to its base, 2 
instead of running along the outer side of the mesonephros, Fig. 683. 

The Acipenseridae show, perhaps, the most primitive condition (Hyrtl, 
1026). What appears to be a Mullerian duct is present in both sexes '> 
in the female it is a wide tube lying close to the base of the elongated 
genital fold and opening about half-way up the ovary by a wide funnel. 
Posteriorly the oviduct opens into the urinogenital sinus leading to a 
median external pore. In the male a similar but smaller duct occurs 
in a corresponding position on the outer side of the genital fold ; it has 
an anterior funnel and ends blindly in the wall of the urinogenital sinus. 

1 We have seen that in Tetrapods the funnel area is frequently connected 
with the pronephros, and may be derived from its peritoneal funnels; simi¬ 
larly in Selachians, since the pronephros is very degenerate and undergoes 
considerable remodelling at the time, it is possible that the funnel area also 
represents reduced pronephric peritoneal funnels. Even if the duct always 
develops by free backward growth in Tetrapods, it lies close to the latero- 
ventral side of the Wolffian duct—the splitting off, seen in Selachians, might 
have been omitted in the ontogeny of the Tetrapods, or on the contrary the 
continuity of the rudiments of the two ducts might have been secondarily 
established in the Selachian. 

But another interpretation may prove to be nearer the truth. It is diffi¬ 
cult to account for the presence of a ‘tubal ridge' in Tetrapods if it has 
nothing to do with the development of the Mullerian duct, and it is possible 
that this duct may yet be shown to have arisen from the coelomic epithelium 
as a groove which became closed to form a tube opening behind into a meso¬ 
nephric tubule and remained open in front. The peculiar mode of develop¬ 
ment of the duct in Selachians would then probably be secondary. 

Since Mullerian duct and marginal canal often coexist in both sexes as 
separate structures they cannot be homologous, but the same objection does 
not apply with regard to the funnel area on which peritoneal funnels may 
open. It is not impossible that the funnel area may represent in front a 
special region of coelomic epithelium which further back becomes folded over 
to form the marginal canal (see further, p. 706). 

2 The statement frequently made in text-books that the oviduct lies on 
the inner or medial side of the genital fold in Teleostomes is erroneous. It 
extends between the genital and the nephric folds. 
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Very important is the condition seen in Polypterus, that isolated and 





Fig. 693. 

Diagrams illustrating relation of genital fold and mesonephric 
tubule to oviduct on left and to marginal canal of testis on 
right in Teleostomes. A, Primitive indifferent condition ; B, 
Polypterus 9 , young stage ; C, Polypterus 9 , adult ; D, 
Lepidosteus 9 , adult; E. Polypterus <$, young stage; F, 
Polypterus <5 . adult; G, Lepidosteus £, adult, cov. Cavity 
of ovary ; gf, genital fold ; gU, glandular tube ; m, capsule 
of Malpighian body ; me, marginal canal; mes, mesentery ; msd, 
mesonephric duct; ovd, oviduct = marginal canal; pf, peritoneal 
funnel ; t, testis ; vef, vas efferens (funnel canal) ; wc, wall of 
splanchnocoele. 


in some respects primi¬ 
tive Actinopterygian (J. 
Muller, 1846; Hyrtl, 1026; 
Budgett, 10; Kerr, 1033). 
The oviduct of Polypterus 
has a wide opening about 
half-way up the ovary and 
passes back beyond it to 
open into the urinogenital 
sinus (near the place 
where the two meso¬ 
nephric ducts join to a 
median sinus probably 
derived from a cloaca). 
The sinus opens on a 
urinogenital papilla be¬ 
hind the anus. Amia has 
very similar oviducts, 
which join and open be¬ 
tween the anus in front 
and the urinary pore 
behind, Figs. 683, 693. 

Lepidosteus presents a 
new type of structure in 
the female (Balfour and 
Parker, 2) since each 
ovary projects into a 
closed sac continuous 
with a duct behind, which 
opens into the base of the 
mesonephric duct. The 
two mesonephric ducts 
join to a sinus opening to 
the exterior by a median 
pore. In this fish, then, 
the ripe ova are carried 
out directly, and are not 
first shed into the general 
coelom, Figs. 683, 693. 


The Teleostei present various interesting types of structure in the 
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female, some approaching that seen in Amia and others that seen in 
Lepidosteus (Rathke, 1820-25 ; Hyrtl, 1025). The morphology of the 
Teleostean ducts is very difficult to interpret, and the homology of the 
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bling those of Atnia or may pass out by mere pores. Osmerus, among the 

Salmonidae, has oviducts almost as well developed as those of Atnia; 

but in Salmo they are reduced to short funnels behind the ovary and 

leading to the median pore, while Mallotus, Coregonus, and Argentina 

show intermediate stages (Huxley, 1024 ; Weber, 1069). The Galaxiidae, 

Notopteridae, Hyodontidae, Osteoglossidae, and the Cyprinid Misgurnus 

have similar free ovaries and very short oviducts. Finally, in Anguilli- 

formes the ova when shed into the coelom pass out directly by a median 
pore, Figs. 683, 694-7. 

But in the majority of Teleostei, including all the highest families, 
there are closed ovaries ’ or ovisacs. In these the ripe ova fall into 



Fig. 695. 


Left-side view of a dissection of a male Esox Indus, L., showing the median apertures of the 
rectum, genital ducts, and kidney ducts, a , Anus ; ab , air-bladder, blind hinder end ; ao , dorsal 
aorta ; bl, urinary bladder ; cv, gd, vas deferens ; go, genital opening ; i, intestine ; k, kidney 
(mesonephros) ; md, mesonephric duct ; pc, posterior cardinal ; t, testis; uo, urinary opening. 
(From Goodrich, Vert. Craniata, 1909.) 


an ovarian cavity having no communication with the general body-cavity ; 
the two ovarian sacs narrow behind to form oviducts which usually 
combine to open by a median pore between anus and urinary pore. This 
genital pore, situated behind the anus and in front of the urinary pore, is 
doubtless homologous throughout the Teleosts (see further, p. 710). 

Several questions arise in connexion with the female organs of the 
Teleostei : Which is the primitive condition, the free ovary or the 
ovarian sac ? the long oviduct of Osmerus or the pore of Anguilla ? 
Are the oviducts homologous with Mullerian ducts or with the longitudinal 
marginal canal occupying much the same position in the male of primitive 
Teleostomes ? 
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The cavity of the ovarian sac may be distinguished into two parts : 
the first or ovarial part related to the ovary itself, and the second part 
forming the lumen of the duct leading to the pore, Figs. 694, 696-7. 

While in such a form as Anguilla the genital fold remains as a simple 
band on the outer side of 
which the ova develop, in 
others a chamber is formed by 
the grooving of this ovarian 
surface, or the folding of the 
band on itself, or the fusion 
of its free edge with the 
coelomic wall (Macleod, 1038; 

Jungersen, 1028 ; Schneider, 

1052 ; Haller, 1020). When 
the edge of the genital fold 
bends outwards and fuses 
with the outer wall of the 
coelom (Rhodens, Gobio , Esox, 
etc.), or bends up to fuse 
close to its attachment, the 

chamber lies at the side of the ovary, and is called a parovarial 
canal. An endovarial canal occurs when the outer surface of the 
band becomes grooved and the two edges of the groove meet and fuse 
( Acerina , Perea, etc.). There is no fundamental distinction between the 
two types, and in Salmo the front end of the ovary is folded so as to 


u 



Fig. 696. 

Diagrammatic transverse sections of a Telcost; on left 
through ovary, ov, on right more posteriorly through 
genital duct, gd. c, Splanchnoeoele ; /, free edge of genital 
fold ; gf, genital fold forming behind ventral wall of duct • 
*> intestine; u, ureter (mesonephric duct). 



B 



Fig. 697. 


Diagrammatic transverse sections showing genital duct and coelom in o . a w 

tenor section just in front of anus ; B, section through hinder region of trunk coelom *r J**' 

or dorsal chamber of coelom containing hind end of ovary on left • t intesJin£ • , T’ / gd ' ° viduct 
nephne duct. on itn , *, intestine , r, rectum ; u, meso- 


form a short parovarial canal, while a short endovarial canal is developed 
behind, both remaining open (Felix u. Bidder, 1007). All Teleosts pass 
through a stage with free ovary. Clearly the closed sac is derived from 
a more primitive simple band-like genital fold. In answer to the question 



706 


EXCRETORY ORGANS 


CHAP. 


whether the ancestral Teleosts had free or closed ovaries, we have the 
view of Brock that the free ovary seen in Anguilla is primary, and 
that of Balfour that it is more probably secondary due to a return 
to an apparently primitive condition from the closed structure already 
established in Lepidosteus. The sporadic occurrence of the * free 9 
condition in various unrelated Teleostean families is strong evidence 
in favour of Balfour’s suggestion. 

As to the homology of the Teleostean oviducts and genital pores the 
evidence is still uncertain. Waldeyer held that the duct is a reduced 
Mullerian duct, and that in forms with closed ovarian sacs the ovaries 
have been overgrown and enclosed by the Mullerian funnel (1067). Balfour 
su gg es ted that in Lepidosteus the closed sac has probably been formed by 
the junction of an ovarian chamber of the coelom (parovarial canal) with 
a posterior short Mullerian duct opening into it (2). The ‘ free ’ 
ovary in Teleosts would, then, be due to the failure of these two structures 
to unite. On the whole this suggestion agrees best with the facts. Jun- 
gersen (1028) has shown that the duct proper may develop by the hollowing 
out of a thickening of the coelomic epithelium before ( Acerina ) or after 
the formation of the ovarian cavity ( Esox , Zoarces } etc.), and recently 
Essenberg has described the separate origin of the posterior duct and the 
parovarial canal in Xiphophorus (1004). 

On the other hand, Brock (998-9), Felix (1007), and Lickteig (1035) 
maintain that the Teleostean oviduct is not a Mullerian duct, but merely 
a prolongation backward of the paired dorsal regions of the coelom 
(ovarian sacs in forms with closed ovaries) which join and open by a 
common pore to the exterior. Such a view necessitates the assumption 
that the Mullerian ducts and their primitive openings have disappeared 
altogether, and been replaced by new formations. Considering how 
universally Mullerian ducts occur in other groups, it seems more reasonable 
to suppose that the oviducts of Teleostomes are, at all events in part, 
homologous with them, 1 and that their original openings have persisted 
in phylogeny and are represented in Teleostei by the genital pore 
(PP- 704 , 7 i 1). 

Obscure as is the origin of the Mullerian duct in Gnathostomes generally, 
the oviduct of Teleostomes can scarcely be its complete homologue. For 
the researches of Balfour and Parker on Lepidosteus (2), of Budgett 
(10) and Kerr (1033) on Polypterus (and apparently of Maschkovzeff on 

1 It should not be forgotten that the oviducts in Acipenseridae are repre¬ 
sented in the male (p. 701), and it is not impossible that vestiges of Mullerian 
ducts may yet be discovered in other Teleostomes where they appear to be 
absent when their structure and development come to be better known. 
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Acipenser (1040)),clearly prove that whereas the duct posterior to the ovary 
may represent a Mullerian duct, the more anterior part alongside the ovary 
is of different nature. This latter part is a longitudinal chamber of the 
coelom closed off at the base of the genital folds ; into it, at first, open the 
mesonephric peritoneal funnels, Fig. 693. This canal in the female has in 
fact much the same relations as the marginal canal in male Gnathostomes 
generally (see also female, p. 694). Felix, indeed, compares the whole 
oviduct of Teleostomes to a marginal canal ; but it would seem more 
probable that in these fish a short Mullerian duct has been prolonged by 
the closing over of a canal, carrying the ostium abdominale forward. 
This would give rise to the elongated oviducts seen in Amia or Polyplerus ; 
by reduction from in front the condition seen in Salmonids and lastly in 
Eels would be brought about. The widening of the canal so as to enclose 
the whole of the fertile region of the genital fold and closure of the ostium 
might give rise to the ovarian sac of Lepidosteus and Teleostei. 


THE GENITAL DUCTS OF THE CYCLOSTOMATA 

There remain to be considered the genital pores or funnels of the 

Lampreys and Hag-fishes. It has already been mentioned that the 

Cyclostomes differ from the Gnathostomes in that their genital products 

do not pass out through the segmental tubules in the male. The gonads 

are built on the same general plan, and develop from paired genital folds ; 

but in both sexes the ripe germ-cells are shed into the general coelom and 

escape to the exterior through genital pores of paired origin. Thus, not 

only are there no vasa efferentia, but also no Mullerian ducts; unless, 

indeed, these pores represent them. In the Petromyzontia the pores 

open on either side into a urinogenital sinus provided with a median pore 

on a papilla situated behind the anus, Fig. 98. This sinus appears to be 

formed by the subdivision of an original endodermal cloaca into which 

open the primary archinephric ducts in the larva. The cloaca in the 

Myxinoidea is less completely divided, and the two genital pores here 

unite to open into it just behind the anus and in front of the urinary 
pore, Fig. 100. 3 

The morphological significance of these genital pores is difficult to 
determine. It has been claimed that they are mere ‘ abdominal pores ’ 
fLickteig, 1035) ; but their anatomical relations do not support this 
view The possibility that they represent a posterior pair of segmental 
tubules (coelomoducts), which have retained their original function of 
conveying the genital products to the exterior, must be kept in mind. 
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THE URINARY AND GENITAL PORES, AND THE CLOACA 

Before leaving the subject of the excretory system of the Craniata 
something must be said about the external pores of the ducts, and the 
development and fate of the cloaca. A cloaca into which open rectum, 
urinary, and genital ducts is found in primitive Craniates. That of the 
Cyclostomes has been described above. All primitive Gnathostomes 
retain a cloaca (Selachii, Fig. 684, Dipnoi, Figs. 682-3, Amphibia, Reptilia, 



Fig. 698. 

Median sagittal section of hind end of chick embryo on fourth day of incubation (after Gasser, 
from F. R. Lillie, Devclt. Chick, 1919). All, Allantois ; Am, tail fold of amnion ; cl.M, cloacal mem¬ 
brane ; Cl, cloaca ; N’ch, notochord ; n.T, neural tube ; R, rectum ; Y.S, wall of yolk-sac. 

Fig. 700, Aves, Fig. 701, Monotremata); but it is more or less com¬ 
pletely lost in specialised groups (ITolocephali, Fig. 167 c, Teleostomi, 
Figs. 682-3, 695, Mammalia Ditremata, Fig. 702). In the Gnathostomes 
the cloaca is formed partly from the endodermal gut and partly from 
an ectodermal invagination or proctodaeum. Endoderm and ectoderm 
coming into contact form a cloacal plate or membrane ; the primitive 
anus arises by the breaking through of this membrane generally late in 
embryonic life. 1 

1 It is frequently held that the primitive anus in Vertebrates has been 
derived from the blastopore ; but the interpretation of its development has 
been much influenced by theories of more than doubtful value. Certainly in 
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Into the embryonic cloaca lined by endoderm come to open the primary 
archinephnc and later the Mullerian ducts, while the posterior region of 
the cloaca lined by ectoderm opens to the exterior by the median cloacal 
aperture. The share taken by the endoderm and ectoderm in the forma¬ 
tion of the definitive cloaca varies considerably in different groups. 
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Fig. 699. 

by Poh^'aT "Tar (alter reconstructions 

(From Prentiss and Arey, Text-book of Embryology? ’ B > about < ! C* 5 mm. ; D, 7 mm. 

The cloaca of adult Selachians is shallow and widely open Into it 
open the rectum, the mesonephric ducts (urinary sinus') at Hre’enH f 

orsal papilla, and the Mullerian ducts. The cloaca of the H I i°r 
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to the exterior. The Dipnoi retain a primitive cloaca, and from the base 
of the united mesonephric ducts arises a bladder-like caecum lying dorsally 

to the rectum. On the other 
hand, the Teleostomi have 
lost the cloaca owing to its 
subdivision into ventral, rectal, 
—Ot and dorsal urinogenital por¬ 
tions. In the lower forms, 
such as Polypterus y Acipenser } 
Lepidosteus, and Amia, there 
is a urinogenital sinus opening 
by a median pore behind the 
anus; but in Teleosts this 
sinus is usually subdivided, 
so that a separate median 
genital pore occurs between 
the anus and urinary pore. 
Occasionally, however, the 
sperm-ducts open into the 
base of the mesonephric ducts 
(Anguilliformes, AnablebSy 
Per ca t Zoarces , Cyclopterus, 
etc.), or together with the 
anus {Lota) y or with both the 
anus and the kidney as in 
Lophobranchii (Hyrtl, 1025 ; 
Stannius, 1854-6). A median 
mesodermal bladder-like di¬ 
verticulum is often developed 
from the united bases of the 
mesonephric ducts which con¬ 
tribute to the formation of 
the urinogenital sinus, Fig. 695. 

A typical cloaca is found 
in Amphibia, and from its 

Female urinogenital apparatus of Lacerta muralis. . .. 

B, Urinary bladder ; B l , neck of the bladder (cut open); mid-ventral endodermal Wall 
N, kidneys ; Od, oviducts, which open into the cloaca at . . . . 

Od 1 ; Ot, abdominal openings of oviducts; Ov, ovaries; IS developed the true Urinary 
R, rectum; R l , opening of rectum into the cloaca (Cl); , . , , . . c , 

Ur 1 , apertures of the ureters into the cloaca ; t. remains bladder characteristic OI tne 
of mesonephros. (From Wiedersheim, Comp. Anatomy.) Tetrapoda A similar doaca 

occurs in Reptiles and Birds, but here its ectodermal ventral 
wall becomes strengthened by an upper corpus spongiosum and 
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Fig. 701. 
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a lower corpus fibrosum, which become converted into the copulatory 
organ of the male (Fleischmann, A., 1009; Pomayer, 1046; v. 

Mesonephric duct Intestine 


Metanephros 


Allantois 



Anlage of bladder 


Cloacal membrane 


Urogenital sinu 


Rectum 


Fig. 703. 

Reconstruction from 12 mm. human embryo showing partial subdivision of cloaca into rectum and 
unnogenital sinus (after Pohlman). x 65. (From Prentiss and Arey, Text-book of Embryology, 191 7.) 
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Fig. 704. 

Reconstruction of caudal portion of 11-5 mm. human embryo showing differentiation of rectum, 
bladder, and urethra (after Keibel’s model), x 25. (From Prentiss and Arey, Text-book of Embryo¬ 
logy, 1917.) 


Oordt, 1922 ; Boyden, 992; Hellmuth, 1021). The ventral endodermal 
diverticulum is enlarged to give rise in the embryo to the allantoic 
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sac characteristic of the Amniota, and the adult bladder is formed 
from ,ts enlarged base only, 1 Figs. 698-9. In the Mammalia 
the cloaca tends to disappear as such in the adult (Gerhardt, 1014- 

1015 ; Brock, 997). Its endodermal region becomes subdivided by 
a backwardly growing fold into an upper or postero-dorsal rectum, 
and a lower or antero-ventral urinogenital canal into which open the 
bladder, ureters, and genital ducts. Its ectodermal region also becomes 
subdivided in the male. For, while in Reptiles the spermatozoa pass along 
open grooves on the copulatory organ, in the Mammal the median groove 



and^urinogenaal ^inu^and 1 °< -t 

Prentiss and Arey, Text-book of Embryology, 19^ ) tS (aftCr Ke,bel 8 model). x 15. (Fr 


Genital gland 


Mesonephric fold 
Anlagc of bladder 


Utero-vaginal ant-age 


Mcsonephros 
Ureter 

Ureter 


-Mullerian duct 


■—Mesonephric duct 


Rectum 


Phallic urethra 


Anal membrane 


Spinal cord 


Anal 


becomes closed over to form a tube, the penial urethra (phallic urethra). 

n the n y P 7 lt,ve C f h * racter of these structures in Monotremes is shown 
n the persistence of the compound cloaca, and its single opening and 

incomplete closure of the urethra anteriorly, so that the urinogenital 

pouches are developed in some Rimes'(Chelont).^" bladder - Ilke 
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canal still remains in communication with the dorsal cloacal chamber by 
a narrow ‘ urinary canal ’ (Keibel, 1030). In the Ditremata, on the 
other hand, the fold separating the rectal from the urinogenital chambers 
extends as far as the cloacal membrane, so that the anus and urinogenital 
apertures come to open separately (Keibel, 1030 ; Felix, 1006 ; Brock, 



Fig. 706. 

Diagrammatic horizontal section through the 
cloacal region of a Selachian. (After E. J. Bles.) 

a, Blind ectodermal invagination (cloacal pouch); 

b, b', cloacal papilla ; c, peritoneal cavity, which 
opens by the abdominal pore at c '; Cloake, cloaca; 
Darm rectum ; *••, points along the transversely 
striped section of the cloacal papilla at which th° 
abdominal pore may break through, in which case 
the distal part of the papilla is solid (Raja). 

face. In the Placentalia the 
bladder and the 


997 )* At the same time on the phallic 
thickening anterior to the latter is 
formed a groove which closes to a 
urethral canal in the male carrying 
the urinogenital opening to the ex¬ 
tremity of the penis. The urinary 
canal (communication between the 
urinogenital and rectal chambers) is 
closed in the Ditremata (except in 
Perameles according to v. d. Brock), 
Figs. 703-5. 

In the Marsupialia the anus and 
urinogenital aperture lead into a 
considerable shallow ectodermal 
cloaca the opening of which is 
closed by a sphincter muscle. A 
small ectodermal cloacal region 
may occur in some of the lower 
Placentalia (some Rodents and 
Insectivores), but in the majority 
the anus and urinogenital apertures 
open quite separately on the sur- 


ureters come to open into the base of the 
two oviducts join to a median vagina. 


ABDOMINAL PORES 

The problem of the homology of the genital ducts in Cyclostomes and 
Teleostomes has been complicated by the confusion by the older authors 
of ‘ genital pores ’ and ‘ abdominal pores \ The latter name belongs 
to certain paired openings in the ventral body-wall in both sexes which 
lead from the coelom to the exterior (Bridge, 996 ; Weber, 1069; Ayers, 
984 ; Bles, 990). They occur somewhat irregularly in Elasmobranchs, being 
as a rule present only when the fish is full-grown or sexually mature. 
Figs. 684, 706 (Notidani, Scyllioidei, Spinacidae, Rhinobatidae, Rajidae, 
Torpedinidae, etc., and Holocephali). They rarely open outside (Carch- 
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arias), but more usually inside the cloaca on projecting papillae. Similar 
paired abdominal pores opening to the exterior on either side of the anus 
are found in Chondrostei, Polypterini, Atnia, and Lepidosteus, Fig. 682 e, f. 
The Dipnoi also possess such pores, but they may open by a single 
aperture (Owen, 1839 ; Gunther, 1871). Among Teleostei the Salmonidae 
and Mormyridae possess them. They are unknown in Amphibia, but 
occur in Chelonia and Crocodilia among Amniota (Moens, 1042). In no 
Gnathostome do the abdominal pores ever serve for the exit of genital 
products. It has been clearly shown by Weber that in Teleosts they may 
coexist with ‘ genital pores ’ (reduced genital ducts, see p. 704). 1 Unlike 
genital ducts and pores the abdominal pores are not related to the dorsal 
region of the coelom, but are openings pierced through the body-wall at 
the posterior extremity of the paired ventral prolongations of the coelom 
passing on either side of the ventral mesentery and often called peritoneal 
canals. They appear to be special openings of no great morphological 
significance and of doubtful function. Apparently they allow fluid to 
escape from the coelom and perhaps to enter it; Bles has pointed out 
that they usually occur in those forms which have no open peritoneal 
funnels on the kidney. 


THE PHYLOGENY OF THE SEGMENTAL TUBULES 


The phylogenetic origin of the segmental tubules from which the 
various genital and excretory ducts of the Craniata have been derived 
must now be discussed. From what has been said above about the 
structure and development of these organs it may safely be concluded 
that they are all directly or indirectly developed from segmental out¬ 
growths of the wall of the coelom; that a pair of these funnel-like outgrowths 
was originally present in every segment of the body at least potentially; 
that they failed to develop or have been secondarily lost in the head and 

tail regions ; that possibly they originally all opened separately to the 
exterior. 


Without entering into a detailed discussion of the various theories of 
the origin of the coelom itself, it may be said that the only hypothesis 
which gives an explanation of the phylogenetic evolution of the coelom 
consistent with the facts revealed by a broad survey of the Triploblastic 
Metazoa (Coelomata) in general is the so-called ‘ Gonocoel Theory’ 
rounded on the conclusions of Hatschek and Meyer with regard to 


stoiU ,Ckteig K^ aS , rec f ntly revived the view that the genital pores of Cyclo- 

app^ars tha? th° P°ces (1035) ; but from what has been said above it 

ppears that there is no good evidence for this interpretation. 
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T£T? a p d , Annelida> this theor y has since been applied to 
foil lg T ler Codomata (Goodrich, 1016). It may briefly be stated as 
ollows : In the ancestral form the genital cells tended to accumulate 

between the primary germ-layers, ectoderm and endoderm, and at maturity 
sought an escape to the exterior ; such accumulations, ac^uilg 1 defiTifo 
w ! from their more superficial cells, formed a pair of bilatLlly symtetri- 

‘w t h wfoch f° m W f u 6aCh SaC deVel ° Ped a CiIiated f “nel-like °ut- 

endod rmW 1 * ( ° r the f UnCtion of ectoderm with 

funnet funct T "! ° Pemng t0 ^ eXteri ° r ' At first these sacs a "d 

eLn^ed bod 00 " * beC ° me repeated along the 

solidly Da k / vif bl senes > to enlarge prematurely, and become 

ine sta^ Th g6nlt ° n ' y the re P ro ductiye season (Nemer- 

definite '• f restriction of the proliferation of genital cells to a 

leads t„ th S1 ° n °I f Wa11 (h6nCef0rWard k nown as the gonad proper) 

enlar. d the , C ° n ” f ° Und in An nelida. Here the genital sacs become 
enlarged and arranged as a paired series of segmental coelomic chambers. 

Pnrnmyely each sac contains a testis or oyary (a proliferation from 

wall), and from its wall develops a ciliated funnel (coelomostome) 

opening to the exterior. The coelomostomes, and the elongated coelomo- 

ducts which may develop from them, function as genital ducts. 

In the majority of the segments the cavity becomes packed with 

repro uctive cells at maturity; but, owing to increasing specialisation and 

erentiation between segments, some of the more anterior and posterior 

usually become sterile, failing to develop gonads. Thus, not only do the 

sacs tend to develop prematurely as chambers filled with fluid, but some 

ol them remain in this condition. This is due to the acquisition of new 

unctions. The coelom becoming a spacious cavity serves to distend the 

o y wall and afford a place in w r hich the viscera can expand, spread, 

and indulge in muscular movements. Moreover, it also acquires an 

excretory function. In the metamerically segmented Annelida and 

Arthropoda this leads to a division of labour between the segments. In 

some the coelomoducts are devoted to excretion, in others they retain 

their primitive role of genital ducts. Moreover, in Arthropoda each sac, 

in the majority of segments, becomes subdivided into a dorsal genital and 

a ventral excretory portion. The genital portions usually combine to 

form the adult ‘ovary 5 or ‘testis 5 . A varying number of the segmental 

ventral portions persist as the excretory organs in most Arthropods. In 

the unsegmented Mollusca the history of the paired coelomic cavities, 

coelomostomes and coelomoducts, is essentially similar; but here the 

differentiation arises between different parts of the same coelomic sac, 
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which tends to become subdivided into genital, perivisceral (pericardial), 

and excretory compartments. The same general development of the 

coelom and coelomostome can be traced in all the groups of Triploblastic 
Invertebrata. 

Turning now to the Vertebrata we find similar paired coelomic sacs 
developed from the mesoblast. Primitively they arise as separate seg- 
mentally disposed sacs from whose walls develop the gonads. Primitively 
also they were in all probability all of them fertile (as they still are to a 
great extent in Amphioxus) • but anteriorly and posteriorly they become 
sterile. When, as in Craniates, the cavities of the segmental sacs became 
confluent ventrally even in the embryo (lateral plate region) the gonads 
combined to longitudinal paired bands showing little or no trace of 
segmentation. But, excepting in the head and tail regions, every segment 
still produced a pair of funnel-like outgrowths or coelomostomes, and 
these may still convey the genital products to the exterior. In the male 
Gnathostome this primitive function is performed by coelomostomes 
belonging to quite a large number of segments ; in the female the ducts are 
apparently of the same ultimate origin, but their metameric composition is 
obscure, and they represent perhaps the coelomoducts of only one segment. 

Unfortunately theories of the morphology of the segmental tubules of 
the Vertebrates and of their origin from comparable organs in the Inverte¬ 
brates were put forward and generally accepted before the structure and 
development of these organs had been correctly described or was under¬ 
stood. It was Semper who first definitely maintained that the Vertebrate 
tubules are homologous with the nephridia of Annelida. This attractive 
view was almost universally accepted at a time when almost any tube 
leading to the exterior was called by the convenient name ‘ nephridium ’ 
But Semper’s theory seems to be based on deceptive resemblances and 
erroneous interpretations. It is now well established that the Vertebrate 
tubules are coelomic in origin, of centrifugal growth, and that the ectoderm 
takes no share in their formation. On the other hand, it is now held 
that the nephridia are never of coelomic origin, are of centripetal growth 
from the surface, and probably always derived from the ectoderm or at 
least from superficial cells. At first the nephridia have blind inne’r ends 
provided with flame-cells or solenocytes (protonephridial stage), and have 

sTag^T t0 W ‘ th the g ° nadial SaCS ( plat yhelminth and Nemertine 

are BUt K W !: en the ‘ atter beCOme large C0el0mic sacs the nephridia perforce 

in the aduk'a^th '• ' t0 ^ in excretion > and remain 

n the adult as the main excretory organs (Annelid stage). In some rare 

cases they may open into the coelom by nephridiostomes and lose the 
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solenocytes (Oligochaeta, some Polychaeta). 1 But in the great majority 

of the Invertebrate Coelomata the nephridia appear only in early stages 

of development and are lost in the adult (Mollusca, Phoronidea, etc.), or do 

not appear at all (Arthropoda, Echinoderma). Thus, in the Invertebrates 

the nephndium is but rarely preserved as an adult excretory organ ; while 

the coelomostome is constantly present in all groups as a genital and often 
as an excretory duct as well.__— 

It is clear that, if the vertebrate tubules are to be compared with any 
of the organs of an Invertebrate, it is not with the nephridia but with the 
coelomostomes that they must be homologised. 

The argument would be clinched could we point to a Vertebrate 
possessing both well-developed nephridia and coelomic tubules. Unfortu¬ 
nately no such form is known to exist at the present day. The Craniates 
have preserved the coelomostomes, but lost the nephridia, 2 no longer 
necessary since the former have taken on the function of excreting. On 
the other hand, the Cephalochorda have preserved the nephridia 
(Boveri, Weiss), which are now known to be of typical protonephridial 
structure without internal openings and provided with well-developed 
solenocytes (Goodrich, 1017). But the genital ducts of the Cephalochorda 
appear to have been lost, the genital cells escaping by bursting through 
the wall of the genital sacs into the atrium. 3 

One more point remains to be considered : If the segmental tubules 
of the Vertebrates are homologous with the genital ducts of other Coelomata, 
is it the peritoneal funnel or the nephrocoelostome which represents the 
primitive coelomostome ? Many embryologists consider that the cavity 

In the vast majority of the Coelomate Invertebrates the nephridia and 
the coelomostomes have nothing to do with each other. In one class only, 
the Polychaeta, a connexion may be established between them, leading to the 
formation of a complex organ (nephromixium) serving for the exit of both 
excretory waste and genital products (Goodrich, 1899—1900). But even in this 

class there are forms where these organs retain their primitive independence 
(Capitellidae, Nereidae). 

2 Unless, indeed, these are represented by the thymus, as held by van 
Wijhe. 

3 A vestige of the primitive coelomostome may, however, be represented 
by the small knob or ' hilum ’ formed by the fusion of the mesodermal wall of 
the genital sac with the atrial epithelium at the point where the rupture takes 
place. A somewhat similar reduction of the genital ducts to mere pores has 
been described above (pp. 704-7) in Teleostei and Cyclostomes. Among Inverte¬ 
brates also the coelomoducts may be much reduced to quite short funnels or 
pores (oviducts of many Oligochaetes, genital funnels of many Polychaetes). 

Or, just as in Amphioxus, these vestigial ducts may cease to open to the 
exterior, the genital products bursting through the body-wall; some Poly¬ 
chaeta (such as epitokous forms among Nereidae, etc., and Clistomastus among 
Capitellidae). 
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of the intermediate cell-mass or stalk of the somite (which becomes the 
cavity of Bowman’s capsule, and is often called the nephrocoele) is a 
chamber of the coelom itself. In this case the nephrocoelostome would 
be the coelomostome opening from it, and the peritoneal funnel a specialised 
narrow channel of communication between this still segmental chamber 
and the general ventral splanchnocoele. On the other hand, the peritoneal 
funnel may be the coelomostome and the chamber a specialised enlarge¬ 
ment of the coelomoduct into which penetrates the glomerular blood¬ 
vessel. Or, again, if the nephrocoelostome is the original funnel, it might 
by extension ventrally give rise to the peritoneal funnel as well. There is 
something to be said for each of these interpretations, and at present it 
seems scarcely possible to decide between them. 
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lerve p. t0 com P onents . P- 765-Morphology of vagus 

Nervous SvsTEM.-General description and function, 

n'^r, f ° n a miC ! yS , m ' p - 772-Four outflows in Mammal, p. 774- 

^ v T, a ^ SyStCmS ' P- 776-Double autonomic supply, 

o d / StnbUtl0n to skin - P- 777-Lower Vertebrate, 

rellI 7 and D f fiK OPraent ' 0 eCt0dermaI ° rigin ’ P- 779—Path of migrating 
cells and of fibres, p. 782—Phylogenetic history, p. 782—Enteric plexus, 

p. 782—Subdivision into dorsal root and ventral root systems rather than 

into sympathetm and parasympathetic, p. 784—Morphological problem 
of their origin, p. 784. & y 


THE PERIPHERAL NERVOUS SYSTEM 

The nervous system has been evolved to conduct nerve-impulses. Sensory 
impulses are due to the action of stimuli from the external and internal 
environment on receptor sensory cells on the surface of the body or in its 
deeper tissues and organs; they are conveyed to the central nervous 
system, where they set up excitor or motor impulses which are transmitted 
to effector cells and organs, the muscles, and glands. Thus appropriate 
responses are called forth, and the various functions of the organism are 
integrated to its advantage. The complex system of interconnecting 
peripheral nerves convey the sensory impulses to and excito-motor 
impulses away from the central nervous system where these impulses are 
co-ordinated. The central nervous system consists of the brain and spinal 
cord situated dorsally, while the peripheral nervous system is made up of 
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ganglia and nerves distributed to all parts of the body. The essential 
elements of which nervous tissue is composed are the neurons or ganglion 
cells, with their branching conducting processes or fibres, of which the 
longest is called the axis-cylinder, axon, or neurite, and the others the 
dendrites. Both axon and dendrite may end in fine twigs for receiving 
or transmitting impulses. The neuron receives impulses by its dendrites 
and transmits them by its axon. Usually the axon does not divide till at 
or near its destination. The nerve-impulse passes from neuron to neuron, 
where the tips of the processes of one neuron meet the cell-body or pro¬ 
cesses of another. At this point of junction, known as the synapse, there 
would appear to be mere contact and not actual permanent continuity of 
the conducting fibril . 1 According to the ‘ Neuron theory ’ of His and 
Waldeyer, now generally accepted, the whole nervous system, with the 
possible exceptions mentioned below, consists of chains of such neurons 
along which the impulses can pass when they overcome the resistance 
offered by the synapse. While it seems certain that the bulk of the nervous 


system, at all events of the Craniata, is built on this plan, yet there remain 
certain delicate nerve-plexuses on the blood-vessels, under the mucous 
membrane of the buccal cavity (of Amphibia and probably other forms), 
and in the wall of the gut, which apparently do not conform to it (Bethe, 
1903 ; Prentiss, 1904 ; E. Muller, 1151-2). In these cases it seems possible 
that a true nerve net exists of anastomosing fibrils continuous from cell 
to cell, such as commonly occurs in the lower Invertebrata. In addition 
to the true nervous elements there are in the central nervous system 
packing neuroglia cells, and sheath cells on the fibres of the peripheral 
nerves. The nerves of anatomy are made up of bundles of such axons 
and their sheaths, the cell-bodies of the neurons being usually gathered 
either in the central nervous system or in ganglia outside it. 

I he first generalisation of importance, then, is that the peripheral 

nerves consist of two sets of nerve-fibres : one set of sensory or afferent 

fibres whose function is to carry impulses centripetally to the central 

nervous system, and another set of excito-motor or efferent fibres whose 

function is to carry impulses centrifugally from the central nervous 

system to muscles and glands. A nerve may be composed of either or of 
both kinds of fibre, Fig. 744. 


It has already been explained (Chapter V.) that every segment of the 
body of a Vertebrate is primitively provided with a pair of dorsal and of 
ventral nerve-roots by which the nerve-fibres pass to or from the central 


nervous system. Moreover, every segment contains a pair of mesoblastic 


thC Conductin e fibri1 ^ substance is or is not ever continuous 
from one neuron to another is, however, still a matter of dispute. 
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segments, from each of which are developed a dorsal myotome and ventral 
lateral plate (p. 4). From the myotomes, which retain more or less their 
original segmentation, are derived the segmental muscles or myomeres of 
the adult (also the hypoglossal musculature, and the muscles of median 
fins and paired limbs). From the lateral plates, which lose their segmenta¬ 
tion by longitudinal fusion either very early {Amphioxus) or from the 
very first (most Craniates), is derived the ‘ unsegmented ’ lateral plate 
mesoblast; this (together with mesoblast derived from sclerotome out¬ 
growths of the dorsal region) gives rise to all the mesoblastic tissues of the 
body, excepting the myomeres. From these tissues, generally denoted 
as the unsegmented mesoblast, are therefore developed the contractile 
elements of the vascular system, certain muscles of the skin, the whole of 
the musculature of the alimentary canal and its appendages including the 

visceral muscles of the jaws and gill arches, and of the urinary and genital 
organs. 

Returning to the description of the peripheral nerves, we find that 

primitively, as in Amphioxus and the Petromyzontidae, the dorsal and 

ventral roots are independent nerves ; that in all Gnathostomes and in 

the Myxinoidea the dorsal and ventral nerves of a segment combine on 

each side in the spinal region to form compound spinal nerves each with 

a dorsal and a ventral root; 1 that in the cranial region the dorsal and 

ventral nerves remain separate. 2 Further important generalisations may 

be made : that the afferent fibres all reach the central nervous system by 

the dorsal roots, and that the cell-bodies of these sensory neurons are all 

situated in the segmental, cranial, and spinal ganglia outside the neural 

canal on these roots (except in Amphioxus)-, that the efferent fibres may 

pass out by both the dorsal and the ventral roots, and that the cell-bodies 

of these excito-motor neurons are all situated inside the central nervous 

system, with the exception of those belonging to the ‘ sympathetic ’ 

system as explained below (p. 772). It follows that while the ventral 

roots are, so far as we know, purely efferent, the dorsal roots may be of 
mixed character, Figs. 707, 747. 

Although it must be supposed that originally the dorsal roots all along 
the body contained both afferent and efferent fibres, as they do in Amphi¬ 
oxus, a divergence has come about in the Craniata between the segmental 

These primary segmental roots must not be confused with the secondary 
rootlets into which they may be differentiated ; for in the higher Craniata 
the fibres of the various components of the cranial nerves may become gathered 
together and more or less separated into distinct rootlets. Thus the rootlet 

of the \ isceral motor component is often confused with a primary ventral 
motor root. 

2 Except in so far as they may be connected by sympathetic fibres. 
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roots of the head and of the rest of the body ; so that while the dorsal 
cranial nerves of Craniates contain efferent fibres, they are stated to be 
totally absent from the dorsal roots of their spinal nerves, Figs. 745, 
750. From time to time, however, it has been maintained that efferent 



Fig. 707. 

coelomC?vTti^ C iL anS, !S Se SeCti °n »? f Am P ,l ™ xus in Pharyngeal region, showing peripheral nerves, 
c czll f nmar y giU-bar on left, secondary on right, a, Atrium ; ao, lateral dorsai 

™ Ae™^ £ £ 3 m P nm V ybar; cc> poelomic canal; cv, posterior cardinal vein ; dr, dorsal 

root nerve , fr, fin-ray ; g, gonad ; gc, ganglion cell ; me, metapleural cavitv • mlt> metanleure • 

np ' nc P hn f IO P° re : ^.notochord ; ph, pharynx; rd, ramus dorsalis; re, ramus 
Nentrah 5 , rva ramus ventralis ascendens ; sc, sclerocoele; see, subendostvlar coelom - stohe 

w ventraf^ne^f a ‘ COeIomlC chamber ; (m ' ‘averse subatrial muscie ; vao, ventral' aorta \ 


fibres (vasomotor ?) issue through the spinal dorsal roots; future research 

may perhaps show that the primitive efferent component remains, 

at all events, in some of the lower forms ( Amphioxus : Willey, 94; 

Heymans and v. d. Stricht, 1122; Dogiel, 1104; Kutchin, 1141 : Franz’ 
1109). 

Amphioxus has no well-defined ganglia on its dorsal nerves, for the 
nucleated cell-bodies of the afferent fibres are still inside the spinal cord or 
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scattered along the root of the nerve to near its bifurcation (Rohde, 1169; 
Hatschek, 1882 ; Johnston, 1127). 1 

Concerning the general function and distribution of the sensory fibres 
it may here be mentioned that Sherrington distinguishes three main 
reception fields: the superficial extero-ceptive field receiving stimuli 
from the external world, the intero-ceptive field receiving stimuli at the 
inner surface of the alimentary canal, and the deep proprio-ceptive field 



Fig. 708. 


iooS iagr A am ^I^ trating seve ™ 1 forms of reflex chains (from J. B. Johnston. Nerv. Syst. of Vert., 

I? rnin ..in ,, nSOry ? n ? mot ?5 > B ' b - v w ?y of tract cells ; C, visceral sensory and motor ; 
l), spinal cord and nerve roots from side, d.c.t, Direct cerebellar tract. 


receiving stimuli from the tissues and organs in the body. In each of 
these fields stimuli may directly affect the terminal branches of sensory 
fibres, free nerve-endings ; or be received by special sensory cells or 
characteristic sense organs containing sensory cells specialised to respond 
to particular stimuli. 

The afferent and efferent fibres, then, serve as paths for ‘ reflexes ’ 
or reflex arcs completed through the brain or spinal cord. The nerve- 
impulse passes along a chain of neurons ; entering by the sensory neuron, 
whose body is in the segmental ganglion, and emerging by the excito- 

1 It should also be noticed that in Amphioxus the sensory cells in the 
epidermis are said to send conducting fibres directly to the centra! nervous 
system, as in the Invertebrata ; whereas in the Craniata the sensory impulses, 
except in the case of the nasal olfactory epithelium, are transmitted by the 
axons of afferent neurons whose distal branching extremities are closely 
related to the sensory cells. In these respects Amphioxus seems to be, as 
in so many of its characters, more primitive than the Craniata. 
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motor neuron, whose body is in the central nervous system, Figs. 708, 747. 
The connexion between these two is made by one or more intermediate 
neurons situated entirely in the central nervous system (except in the case 
of the f sympathetic ’ system, see below, p. 772). The behaviour of 
vertebrates is to a great extent made up of the co-ordination of such 
reflexes. 

Lastly, an important point remains with regard to the function of the 
dorsal and ventral motor fibres (leaving out of account those belonging to 
the f sympathetic ’ system); those of ventral roots supply only the 
muscles derived from the dorsal segmented myotomes (including, of course, 
the eye-muscles, hypoglossal muscles, and limb-muscles) ; while the motor 
fibres issuing by the dorsal roots innervate only the musculature derived 
from the ventral unsegmented mesoblast derived from the lateral plate. 

The segmental value of the cranial and spinal nerves has been already 
dealt with above (Ch. V.). While comparative anatomists and embryo¬ 
logists were working out this interesting problem, other observers were 
studying the peripheral nerves more from the point of view of the function 
of the various neurons, and the peripheral distribution and central 


connexions of the fibres. Great advances have been made since the intro¬ 
duction of the silver impregnation technique of Golgi, the methylene blue 
staining of Ehrlich, and Waller’s method of tracing the path of degenerat¬ 
ing fibres severed from their cell-bodies. By these new methods, together 
with that of the artificial stimulation of nerve-fibres in the hands of many 
skilful experimentalists, the course of most of the important sets of fibres 
has been made out. Gaskell in 1886 also traced their origin and dis¬ 
tribution by their histological characters, distinguishing somatic from 
splanchnic or visceral fibres (Merritt, 1147). 

A new impetus was given to the comparative study of the func¬ 
tional components of the nervous system by the work, more 
especially, of Strong, who in 1895 made a complete analysis of the cranial 
nerves of the larval amphibian by the reconstruction of serial sections. 
Since then Strong (1176), Herrick (1120-21), Johnston (1126-30), Norris 
(** 55 - 8 ), Willard (1184), and others have successfully applied the method 
to various Vertebrates from Amphioxus upwards. These detailed re¬ 
searches combined with the more purely anatomical studies of the older 
anatomists, such as Stanmus (1849) and Fischer, 1843-54, and the modern 
work of Ewart and Mitchell on Selachians (1107), of Allis on Amia and 
other fishes (402, 404-5, 1081-5), and of Fiirbringer (340), have helped to 
build up the important doctrine of Functional Components, of which the 
chief conclusions may now be summarised as follows : 

The peripheral nervous system contains four chief components, two 
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sensory and two excito-motor, each subserving special functions, related 
to special ‘ end-organs ’, and connected to four corresponding longitudinal 
regions of the central nervous system. These regions appear in the spinal 
cord in the form of ‘ columns ’, of which the two sensory are dorsal and 
the two motor ventral, and extend forward into the brain, where, how¬ 
ever, they become much modified and complicated in higher forms. 
The four component systems are known as the Somatic Sensory, the 



Fig. 709. 

Diagram showing central origin from medulla and peripheral distribution of systems of nervc- 
comporu.nl 5 . 


Visceral Sensory, the Visceral Excito-motor, and the Somatic Motor, 
Fig. 709. 

Speaking generally, the somatic components are chiefly concerned with 
responses to the animal’s external environment, while the visceral com¬ 
ponents are chiefly concerned with responses to its internal environment; 
that is to say, with the internal processes of digestion, respiration, circu¬ 
lation, excretion, and reproduction. But no hard-and-fast line can be 
drawn between them on this account. 

The primary sensory components may become subdivided owing 
to each developing characteristic sense organs, such as the lateral¬ 
line organs related to the Somatic Sensory component, and the taste- 
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buds related to the Visceral Sensory. The fibres belonging to each 

system present in a nerve are known as the components of that nerve, 
Fig. 728. 

The functional divisions of the nervous system and components of the 
Craniata may be further described as follows : 

A. Somatic Sensory System.—1. General cutaneous : Afferent fibres 
from the whole epiblastic surface of the body, the extero-ceptive field ; 




c 

Fig. 710. 


^rT^’. T ^ St * e ' bud fr ° m °f°£ hagu ?. of Catostomus at time of hatching; B, taste-bud from pharynx of 
same , C, two neuromasts from skin of same. (From J. B. Johnston, Nerv. Syst. of Vert., 1908.) 


with ‘ free nerve-endings ’ among the epidermal cells, and more specialised 
end-organs, such as the corpuscles of Meissner and of Merkel, the end-bulbs 
of Krause, etc. These receptors are stimulated by pressure and vibrations 
(touch, radiant heat, light, cold, and pain). The cell-bodies of the neurons 
are in the cranial and spinal ganglia, and the fibres distributed primitively 
in every segment of the body by the dorsal cranial, and the spinal nerves 
(nervi profundus, trigeminus, facialis, glossopharyngeus, vagus, et 
spinales). The central connexions are with the dorsal horn or column 
of the spinal cord and its continuation in the brain, with associated 
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‘ nuclei ’ (tractus spinalis trigemini of medulla oblongata, nucleus funiculi, 
n. acusticum, cerebellum, etc.). 

2. The special visual organs, paired lateral eyes and dorsal pineal 
organs, were probably evolved from this system ; but were differentiated 
and have remained within the original wall of the brain. 

Z 1 3 - special cutaneous or acustico-lateral system : Afferent fibres related 
to neuromasts or organs of the f lateral line * (also pit-organs and ampullae), 
receptors in aquatic forms of relatively slow vibrations. Neuromasts 
possess superficial pear-shaped sensory cells which do not extend through 
the whole depth of the epithelium and bear sensory hairs on their outer 
surface. Figs. 710, 713. 

The auditory organ represents a specialised region of the Special 
Cutaneous system, often therefore called the acustico-lateral or more 
shortly the lateralis system. 

The acustico-lateral fibres are distributed typically by the facial, 
auditory,glossopharyngeal,and vagus nerves; and their central connexions 
are chiefly with the nucleus acusticum and n. funiculis, and cerebellum. 

This acustico-lateral system is dealt with more in detail below (p. 732). 

4. With the General Cutaneous system may be associated the related 
afferent fibres of the ' muscular sense ’ of the proprio-ceptive field. They 
have fine nerve-endings among the mesoblastic tissues, bones, tendons, and 
muscles, also Golgi organs and Pacinian bodies. The f muscle spindles ’ 
of striated muscle fibres derived from myotomes and from the lateral plate 
are end-organs of this system. The course of these fibres and their central 
connexions are similar to those of the General Cutaneous system. 

B. Visceral Sensory System.—1. General visceral : Afferent fibres 
from the lining of the alimentary canal, the intero-ceptive field ; with 
free nerve-endings responding to mechanical stimuli. The cell-bodies of 
the neurons are in the dorsal cranial ganglia of the facial,glossopharyngeal, 
and vagus nerves, and the fibres are typically distributed in their visceral 
branches. The afferent fibres enter the central nervous system by the 
morphological dorsal roots and connect with the fasciculus communis or 
solitarius, lobus vagi, 1 . fascialis, and associated centres, and Clarke’s 
column in the spinal cord. Sometimes known as the splanchnic or the 
communis system. 

2. The special paired olfactory organ, whose sensory cells send con¬ 
ducting fibres to the bulbus and tractus olfactorius, should probably be 
considered as belonging to this system. Affected by chemical stimuli, 
the olfactory organ may have been primitively intero-ceptive ; but in 
most Craniates it acts chiefly as an extero-ceptor. 

3. Special visceral: Afferent fibres related to taste-buds (end-buds). 
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typically situated on the mucous surface of the buccal cavity and pharynx, 
Fig. 710. Groups of special sensory cells whose bodies extend through 
the whole depth of the epithelium form these taste-buds which are 
receptors of chemical stimuli (from sweet, sour, salt, and bitter sub¬ 
stances). The fibres enter the brain by visceral branches of dorsal cranial 
nerves (facial, glossopharyngeal, and vagus), the cell-bodies of the neurons 
are in their ganglia, and the central connexions are with the same centres 


as those of the General Visceral system (p. 730). 

4. Associated with the General Visceral sensory system are afferent 
fibres travelling in the ‘ sympathetic ’ nerves (p. 770). They have free 

nerve-endings among the smooth muscle-cells and glands supplied by the 
‘ sympathetic ’ system. 

C. Somatic Motor System.—Efferent fibres issuing by ventral roots 
and supplying all the musculature derived from the segmental myotomes. 
These are the myomeres or body-wall muscles of the tail and trunk, and 
their derivatives the muscles of median and paired fins and limbs ; the 
muscles of the Mammalian diaphragm ; the dorsal epibranchial muscles 
of Elasmobranchs ; the hypoglossal musculature connected with the 
branchial arches and tongue and derived from certain myotomes of the 
gill region (ventral hypobranchial muscles, etc.) ; the external muscles of 
the eye-ball (modified anterior myotomes). The end - organs are the 

motor end plates ’ on the muscle fibres which are all striated. The 
cells giving origin to these somatic motor fibres are in the ventral horn 
of the spinal cord, and the corresponding nuclei of the hypoglossal, 

abducens, oculomotor, and trochlear cranial nerves. Their action is 
under the control of the will. 

D. Visceral Motor System.—1. Special visceral motor : Efferent fibres, 

issuing by dorsal roots, and supplying muscles derived from the lateral 

plate mesoblast. These are the visceral constrictor muscles and their 

derivatives, including the muscles of the jaws, various muscles of the 

hyoid and branchial arches, and trapezius. The end-organs are ‘ motor 

end plates ’ on the muscle fibres which are striated. They are under the 

control of the will, and the cell-bodies are situated in the lateral horn or 

intermediate zone of the medulla. The fibres issue by the trigeminal, 

facial, glossopharyngeal, and vagus (including the spinal accessory) cranial 
nerves. 


2. ‘ Sympathetic ’ or Autonomic excito-motor system of efferent 

hbres supplying glands and muscles (mostly unstriated and derived from 

the lateral plate mesoblast), and issuing by both dorsal and ventral roots, 
inis system is described below. 

This analysis of the peripheral nerve-fibres into components according 
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to the function and distribution of their receptor and effector end-organs, 
and to their connexion with longitudinal zones of the central nervous 
system, has thrown much light on the structure and evolution of the 
nervous system in Vertebrates. Passing from Amphioxus to Man we can 
trace the rise or the loss of components. It offers an intelligible explana¬ 
tion of the great variation in the number and size of their nerve-branches 
within even small groups. For a nerve varies according to the number 
of fibres of the components contained in it, and these again according to 
the abundance of the end-organs they supply. Not only the size but the 
very presence or absence of a nerve in a particular animal depends on 
whether these end-organs are developed and needed for its life. Never¬ 
theless, there are weak points in the classification of the components in 
four main systems, and some of them fit with difficulty into the classi¬ 
fication adopted by physiologists. Especially is this so with some of 
the visceral components, which are better treated separately (see f Sym¬ 
pathetic ’ System, p. 770). 

Taste-bud System.—There are points of interest concerning the Special 
Visceral or Taste-bud system. In the terrestrial Vertebrates the taste- 
buds are restricted to the internal lining of the anterior region of the 
alimentary canal. For instance, in Mammalia they are scattered over 
the tongue, especially near the circumvallate and foliate papillae, on 
the soft palate, and sparsely on the larynx and epiglottis. Of these the 
more abundant anterior buds are supplied by the facial nerve, the most 
posterior by the vagus, and some intermediate ones by the glosso¬ 
pharyngeal. In most fishes they occur distributed over the roof, sides, 
and floor of the buccal cavity and pharynx (in some Teleosts even in the 
oesophagus). But in Petromyzon they may also be found in the adult 
on the outer surface of the head and branchial region (Johnston, 1128). 
In adult Gnathostomes they also tend to spread over the external 
surface (Herrick, 1120 ; Johnston, 1129). Amia y many Teleostei, and 
some Amphibia have taste-buds not only internally, but also scattered 
over the head ; in some Teleosts (such as Siluriformes and Gadiformes) 
they extend to the base of the fins, and finally over the whole body 
including the tail. This great increase in the area of distribution of 
taste-buds is, of course, accompanied by a corresponding increase in this 
component of the facial nerve, Fig. 711, and of its centres in the brain 
(Herrick, 1121). In these aquatic forms the external taste-buds become 
extero-ceptive organs for the search of food. 

Now the question arises whether these sense organs are really of endo- 
dermal origin and have spread outwards through the mouth by an out¬ 
growth of endodermal tissue ; or are ectodermal organs which developed 
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originally in that part of the buccal cavity derived from the stomodaeum 
and consequently lined by ectoderm. Thence, by growth of ectodermal 
tissue (possibly also through the gill-slits), they might have spread back¬ 
wards into the pharynx and outwards over the body. 1 In this connexion 
it is interesting to note that excepting for taste-buds no receptor cells are 
known to occur in the endodermal lining of any Vertebrate ; and, since it 
is generally held on good evidence that all sensory and nervous cells are 
ultimately derived from the ectoderm (p. 757), it would require very rigid 
proof to establish that the taste-buds are an exception to this rule. 
Unfortunately, it is not possible accurately to determine the limit between 
ectoderm and endoderm in the buccal cavity of Craniates in the adult or 



Fig. 711. 

Cutaneous gustatory branches (special visceral component) of facial nerve of Amciurus (after 
C. J. Herrick, from J. B. Johnston, Nerv. Syst. of Vert., 1908). 

even soon after the mouth has broken through, as all trace of the oral 
separating membrane usually disappears. No doubt the position of the 
hypophysial invagination indicates an ectodermal area, but with rare 
exceptions (Polypterus, p. 235) the connexion does not persist and the 
hypophysis is indeed separated off at a quite early stage of development. 
Dorsally, however, the limit is probably at the pituitary region. The 
same difficulty applies to the limit between the ectoderm and endoderm 
in the gill-slits. It may therefore be argued that ectodermal cells migrate 
into the endodermal lining of the pharynx even perhaps before the breaking 
through of the mouth or slits. Nevertheless, it seems highly probable that 
the taste-buds first arose in the endoderm and spread through the mouth 
on to the surface of the body. This is the view maintained by Johnston 
(1129), who finds that in Petromyzon, and the Teleosts Catostomus and 
Coregonus , they occur in the young only in the pharynx, and appear 

1 Such a spreading of the area supplied by a sensory component commonly 
occurs (see pp. 743 and 747). 
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afterwards on the lips, then on the head and body. Landacre (1142) 
believes the internal taste-buds to be of endodermal and the external 



Fig. 712. 

. Diagram of the lateral-line canal of a Selachian seen in a section vertical to the surface. 

™ ’ ^/p IOnglt n F ai } al ll X' lat . eraI ' line nerve ; o, opening of branch canal on surface ; 

so, sense organ. (From Goodrich, Vert. Craniata, 1909.) 


(sometimes distinguished as f terminal buds ’) to be of ectodermal origin 
in Ameiurus. Cook and Neal (1102), after a careful study of the develop¬ 
ment of Squalus , support Johnston’s conclusion. This view is easier to 
adopt if, as held by Botezat (1910) and G. H. Parker (1912), the taste-buds 



Fig. 713. 

Transverse section of lateral-line canal of MusUlus can is (from S. E. Johnson, 7 . Comp. Neurology, 
1917). Can, Canal wall; C/m, columnar supporting cell; Fbn, terminal fibrillae; Fb.Zn, longitudinal 
fibre-zone; M.N.F, medullated nerve-fibre; Sn.Cl, secondary sense cell; Spn, spindle-shaped sup¬ 
porting cell; Vos, blood-cell. * r * v 


contain not true sensory cells, but specialised gland cells which on stimula¬ 
tion secrete a substance acting on the afferent nerve-endings. 

Acustico-lateral System. —The acustico-lateral or neuromast system is 
of peculiar interest. It is present in all Craniates from Cyclostomes to 
Man, and is found in the earliest fossil fish of the Silurian. While typically 
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developed only in aquatic forms, it survives in others as the inner ear ; for 
it becomes differentiated into two parts : (i) the neuromasts of the lateral¬ 
line system proper, and related superficial organs, and (2) the auditory 
labyrinth and its contained sensory organs. The first is stimulated by slow 
vibrations of the watery environment, and serves for the orientation of 
the body in relation to waves and currents (Sede de Li£oux, 1884 ; Parker, 
1160). The second has two distinct functions—equilibrium in space or 
balance, and hearing. The semicircular canals of the labyrinth are 
chiefly concerned with balance, while vibrations of high frequency (sound¬ 
waves) affect the sensory cells in the sacculus and lagena of lower forms 



Fig. 714. 

as* ss. 


CO, Cut wall 
(neuromast). 


and the spirally coiled cochlea of Mammalia. The view that the sense 
organs of the internal ear are specialised deeply sunk neuromasts was put 
forth by Beard (1088) and Ayers (1086). It is supported by much weighty 
evidence, though no sufficiently primitive Craniate is yet known to show 
intermediate steps between the two kinds of organ. They both develop 
from similar dorso-lateral placodes (p. 765), both have sense cells pro¬ 
vided with sensory hairs receiving stimuli from a liquid medium (water or 
endolymph) both tend to sink away from the surface, and both are 
innervated by fibres from corresponding and related centres in the brain. 

Wr ; f r or r: f th ; ,ateraHine system ^0^ oi 

ght (1186), are distributed over the body, typically along lines forming 
definite pattern on the head and extending along each side of the body 

surface h °! ' ■ 1 neuromasts of Cyclostomes are exposed on the 

surface, but in primitive Gnathostomes they are usually sunk in a closed 

canal embedded in the dermis and opening at intervals by tubes to the 
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ODensinto^r^ 1 ^ ’ AlllS ’ 4 ° 2 ’ Iierrlck ' II21 )- As a rule the tube 

pens into the canal between successive neuromasts in Selachians and op¬ 
posite them in Teleostomes, Figs. 712-15. Sometimes the primary external 

some' TT: SU ^;, Vlded mt ° SeC ° ndary P ° reS > as * n Amia,Lepidosteus, and 

os s (AlllS, 402, 404-5). In Chlamydoselachus, however the 

mam line of the trunk is in the form of an open groove. Fig. 27 
( arman, mi) ; also in Chimaera, where the edges of the groove do not 




completely close even on the head. Many of the more specialised Teleosts, 
and all modern aquatic Amphibia (Urodela and larval Anura and Apoda), 
have the neuromasts naked on the surface; likewise the Dipnoi except 
on the head. This condition is no doubt secondary, at all events in 
Osteichthyes, for canals are found in their early fossil representatives, 
and even in Ostracodermi of the Silurian. 

In the canals on the head the neuromasts may vary greatly in number, 
but along the main trunk line they are usually segmentally disposed in 
Pisces. Now, in the Osteichthyes, where bony dermal plates are developed 
on the head and shoulder girdle, and scales on the remainder of the body. 
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the canals enclosing the neuromasts necessarily become more or less com¬ 
pletely enclosed in these plates and scales, Fig. 715. There is thus 
established a definite relation between the lateral - line system and 
the exoskeleton (p. 285). In all primitive Osteichthyes, the main lateral- 
line canal of the body pierces every scale along its course, passing from 
its upper surface in front to its lower surface behind. A neuromast is 
placed between each pair of scales, and a tube leads to a pore outside 
each scale. The same structure may be seen in the secondary longi¬ 
tudinal lateral lines often developed dorsally and ventrally as branches 
of the main line. Anteriorly the main line passes forwards through the 
dorsal elements of the shoulder girdle (post-temporal, etc.) on to the head. 





--/ * W. 

Sedgwic'k’s ZooUjpv^^a^ ScyIllum . in section, showing ampullary tube 


(After Gegenbaur, from 
c, epidermis ; c\ dermis ; 


This burial of the canals in the superficial skeleton occurs not only in 
the earliest Teleostomes and Dipnoi, but also in the Palaeozoic Ostraco- 
erm. (Pteraspidomorphi, Cephalaspidomorphi, Pterichthyomorphi) and 
as the S r P f i the Stegocephalia it was apparently less complete, 

sunlrfi V 56 C3n m thCSe 6XtinCt Am P hibia is a t most marked by 

superficial grooves on the skull, Fig. 321. When, as in the later more 

specialised forms (Dipnoi, modern Amphibia, and many Teleostei) the 

dermal bones tend to sink far below the skin, the canals become again free 

as aIready mentioned ’ the —— 

neuroma^ SUrfaCC ^ 0rgans bes,des typical 

neuromasts pit-organs, ampullae, vesicles, nerve sacs As Herrick 

(W° 3 ) and Johnston (.129) have shown, all these organs belong to the 
acusi,co-latcral .„t™, hav, y the lame M J t J .“"foist 
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are innervated by the same component as the lateral-line organs, and are 
connected with the same centres in the brain, Figs. 717-18, 720. 

Pit-organs generally appear in Selachians scattered or in rows on the 
dorsal surface of the head, along the hyoid arch, and dorsally along a line 
extending from the head backwards along the trunk (Allis, 412 ; Norris 
and Hughes, 1158). Teleostomes have more or less complete lines of 
pit-organs in approximately the same positions (Herrick, 1120 ; Allis, 
1081). They are well developed in Amia and occur in addition 
on the cheek, mandible, and median gular. Lines on the cranial 
bones of fossil Dipnoi and Teleostomes seem to indicate their pre- 



F10. 717. 

Left-side view of head of generalised Fish showing distribution of lateral-line organs and canals 
(black), and their nerve-supply (grey), dl, Dorsal line of pit-organs; to, infraorbital canal; J , 
jugal canal ; vtd, mandibular canal ; mil, main canal of trunk ; oc, transverse occipital canal ;\ or, 
oral canal ; pi, anterior of three lines of pit-organs—similar lines occur ventrally ; po, post-orDit 
canal ; pro, preopercular or hyomandibular canal ; so, supraorbital canal ; spo, spiracular neu 
mast ; tp, temporal canal. For nerve-supply see Figs. 720 and 728. 

sence in early forms. Sometimes these lines of neuromasts sunk in 
separate pits appear to represent in one form a true lateral-line canal 
in another. 

The ampullae of Lorenzini of Selachians and Holocephali, on the other 
hand, are more specialised neuromasts sunk far below the surface in groups, 
above and below the snout, on the upper and lower jaws, and on the 
hyoid arch, Figs. 716, 718. A long tube leads from the swollen base of 
each to the external pore, which marks the point at which the organ 
was first developed (Sappey, 1880; Allis, 1082a). Doubtless the \esicles 
of Savi found in Torpedo are similar organs which have become sepa 
rated off from the epidermis. 

No ampullae occur in Osteichthyes ; but Herrick (1903) has described, 
besides the lateral-line neuromasts and pit-organs, a third set of * small 
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found below the skin in some forms. These may represent the ampullae 
of Selachians. 

A complex pattern is formed by the lateral-line system on the head, 
remarkably constant, except for minor modifications, throughout the 
Gnathostomes. It is subdivided into regions innervated by the facial, 
glossopharyngeal, and vagus nerves by means of which three nerves 
(leaving aside the auditory) the fibres of this component are distributed 
not only over the head, but over the rest of the body as well. The course 



Fig. 719. 


Dorsal view of Pteroplatea Valenciennii Dum. (after Carman), 
of the lateral-line organs, de, endolymphatic openings ; pv, pectoral fin , plv, pelvic 
sp, spiracle. (From Ooodrich, Vctt, Czcitiiutd, 1909*) 


and nerve-supply of the canals or lines have been admirably describe y 
many authors, among whom may be specially mentioned the wor s o 
Ewart on Selachians, Allis on Amia, and Herrick on Memdia. (Cana s 
and innervation: Ewart and Mitchell, 1107, Allis, 1082a, Noms and 
Hughes, 1158, on Selachians; Cole, 1099, on Chimaera; orris an 
Collinge, 476, on Chondrostei and Lepidosteus ; Pollard, 575 , Allis, 1082, 
on Polypterus ; Herrick, 1120, Pollard, 1164, Cole, 1099a, Guitel 1891, 
Allis, 404-s, in Teleostei; Pinkus, 1161, in Dipnoi ; Strong 1176, CoghUl, 
1098, Norris, n S 5 , Escher, 1106, in Amphibia. Courses of late ” ' 
Sappey, 1880, Carman, mi, Reese, .167, in Elasmobranchs; Collinge, 
477-8, Goodrich, 35 , 5^8, Stensio, 2.8, 606, Watson, 646, in fossil Teleo- 
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stomes ; Malbranc, 1146, in Amphibia ; Hoodie, 548-50, in Stegocephalia, 

Figs. 717-2L 7 2 5 - , . . . -q. 

It will be readily seen from the figures that the general plan in Fisces 

is for the main canal or line of the trunk to run forward on to the head 

where it is continued to near the orbit. Here it divides one branch 

running above and the other below the eye to the snout. A canal may 

run across the cheek, and be continued along the lower jaw ; while 

another runs down the hyoid arch, and below the lower jaw. A dorsal 



branch runs up across the occipital region. The chief parts of the head 
system have received names, the transverse occipital being known as the 
supratemporal, the horizontal and suborbital as the infraorbital, the part 
running above the orbit as the supraorbital, and the ventral branch as 
the hyomandibular, its continuation on the lower jaw being sometimes 
called the mandibular (in Osteichthyes these are often named preopercular 
and mandibular). But a more satisfactory nomenclature can be given, 
taking the nerve supply into account. The supraorbital line is supplied 
by the superior ophthalmic branch of the facial nerve ; the infraorbital 
by its buccal branch ; the hyomandibular and mandibular by the truncus 
hyomandibularis of the facial; the jugal and oral by branches of the 
latter nerve ; the transverse occipital by the ramus supratemporalis of the 
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vagus. There remains the horizontal line from the orbit to the main line 
of the trunk. This region is generally included in the ‘ infraorbital’ ; 
but, since between the anterior part supplied by the otic branch of the 
facial and the beginning of the main canal there is generally intercalated 
a short region innervated by the supratemporal branch of the glossopharyn¬ 
geal, it would seem better to name these two horizontal regions the 
postorbital and temporal respectively (Goodrich, 35) as indicated in 



Fig. 721. 

Diagram of lateral-line system of Dipnoi ; canals thick black lines ; pit organs broken lines 
Lettering as in Fig. 717. 


Figs. 717, 720. 1 The main line of the trunk is innervated by the ramus 
lateralis of the vagus. 

Specialisation in various groups may lead to the interruption, sub¬ 
division, branching, and fusion of these primary lines. 

The supraorbital canal of Selachians becomes much developed on the 
rostrum, and joins the infraorbital, which may pass forward between the 
mouth and the nostril (Squalus, Mustelus). A transverse commissure 
may be formed by the junction of the right and left occipital canals, 
while the hyomandibular fails to meet the postorbital but runs forward 
longitudinally (jugal canal) to join the infraorbital, the mandibular being 
separate. Missing parts of the hyomandibular canal seem to be re¬ 
presented by pit-organs. 

The occipital transverse commissure is usually completed in Osteic 
thyes across the middle line. While in Actinopterygii, even in the 
fossil Palaeoniscoidei (Stensio, 218; Watson, 646), the hyomandibular 
canal joins the postorbital dorsally, and does not run across the cheek to 
the infraorbital (being represented here by pit-organs in Anna , Allis, 1081). 
In Dipnoi, Osteolepidoti, and Coelacanthini (Stensio, 605-6; Goodnc , 

1 The temporal canal is often very short and sometimes eliminated by 
the backward extension of the postorbital line, as in Mentdia (Herrick, 1120). 
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518-19; Watson 644) there is usually a jugal canal across the cheek 
as in Selachians, Figs. 721-4. 

The distribution of the neuromasts in modern Amphibia (Malbranc, 
1146; Kingsbury, 1133; Escher, 1106) agrees in general with that of 
primitive fishes and is remarkably like that of Dipnoi. 1 The lateral¬ 
line grooves on the skull of Stegocephalia often clearly show the jugal 
connexion of the hyomandibular canal with the infraorbital mentioned 

above, Fig. 725 (Moodie 
548-50). 

On the other hand, the 
Cyclostomes differ consider¬ 
ably from the Gnathostomes 
in the pattern of the lateral¬ 
line system, which always 
remains superficial (Alcock, 

1080; Johnston, 1128; 

Stensio, 1926). It is better 
developed in Petromyzontia 
than in Myxinoidea, where 
it was discovered by Ayers 
and Worthington (1087). 

In Petromyzon there is a 
main line running down the 
side of the body to the end 
of the tail, and a more dorsal 
line above. These pass for¬ 
wards above the gill open¬ 
ings to the hind region of 
the head. The main line 
reaches to the orbit and 
another line extends beyond 
it ; the former represents the postorbital and the latter probably the 
infraorbital canal. Further forward still is a line representing the supra¬ 
orbital. Two dorsal transverse lines, one just behind the orbit and the 
other further back, may represent the dorsal pit-organs and occipital 
lines of Gnathostomes. A line runs round each side of the oral sucker, 
and from these extend two longitudinal ventral lines along the gill region. 
There are also groups of neuromasts between each pair of gill-slits, and 

1 The lateral-line organs and their nerves are eliminated in those Amphibia 
which adopt a permanent terrestrial life; but persist in those Urodela which 
retain the aquatic habit, and also, among Anura, in the aquatic Aglossa, and 
partially in Bombinator (Escher, 1106). 



Fig. 722. 

Dorsal view of head of Ceratodus forsteri, showing lateral 
line canals seen through skin and over-lying scales, ac, 
Anterior commissural ; toe, infraorbital ; jl, jugal ; //, main 
trunk ; oc, transverse occipital ; ore, oral ; r, rostral, soc, 
supraorbital, and tc, temporal canals ; l, eye. 
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between the ventral lines are groups or short transverse lines correspond¬ 
ing to each gill opening. All these neuromasts appear to be innervated 
by branches of 7th, 9th, and 10th cranial nerves as usual. Stensio (1926) 
has recently pointed out that the pattern of the lateral-line canals, 
first recognised by Lankester in the Pteraspidomorphi, closely resembles 
that of the lines of neuromasts in modern Cyclostomes; an important 
piece of evidence in favour of the view advocated by Cope, Woodward, 
and Stensio, that these two groups are related. The lateral-line organs 

of the Pteraspidae are, how¬ 
ever, in canals deeply em¬ 
bedded in the bony shields 
(A. S. Woodward, 663; 
Goodrich, 35). 

Whether the acustico- 
lateral system was originally 
segmented or not is an im¬ 
portant question we may 
now consider. It is a striking 
fact that in all Craniata the 
whole system is innervated 
by cranial nerves. That 
the main lateral line extend- 




Fig. 723. £ng ^0 the tip of the tail is 

Ventral view of head of Ceraiodus forsteri showing course y , , hrnnrh of a 

of lateral-line canals running below skin and scales, an, Supplied by a Dranc 

Anterior nostril; ioc, infraorbital, jl, jugal, mdc, mandi- • i nerv e the vagUS, 

bular, ore, oral, and r, rostral canals. Cranial nerve, uic 6 > 

requires explanation. Some 
authors, laying stress on the fact that in many Selachians and especially 
in Teleostomes the neuromasts of the main lateral line are strictly seg¬ 


mental, consider that this was their original disposition (Solger, 1879-82, 
Bodenstein, 1882 ; Hoffmann, 1883 ; Beard, 1088), and it has been sug¬ 
gested that the ramus lateralis vagi is a collector nerve (Eisig, 1887), 
presumably formed by the gathering forwards of all the posterior lateralis 
components of the spinals into the root of the vagus ; a similar gather¬ 
ing of other components may account for the longitudinal branchia 
branch of the same cranial nerve (p. 767). Others, on the contrary, 
would consider that the acustico-lateral system was not originally seg¬ 
mental at all, belonged to the head region, stood as it were apart, and 
has only secondarily been included in and distributed by the 7t , 
9 th, and 10th cranial nerves. The majority of modern authors adopt 
a somewhat intermediate view (Strong, 1176; Herrick, 1120; Johnston, 
1129, and others): that it is a special neuromast component differen- 
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tiated from the general visceral sensory system of these three cranial 
nerves which has secondarily extended backwards on to the trunk and 
tail. As evidence that the main line has phylogenetically grown 



Fig. 724. 

Protopterus anmcUns, left-side view of anterior region showing lateral line system ; pectoral fin 
cut short, an, Anterior nostril ; bro, branchial opening ; eg, external gill ; 10I, infraorbital line , 
jl jugular line ; U, main line of trunk ; mdl, mandibular line ; oc, transverse occipital line ; orl, 
oral line • pf pectoral fin; po, transverse postorbital line ; pol, posjorbital line ; pn, posterior 
nostril; sol] supraorbital line ; tvl, transverse ventral line ; vl, longitudinal ventro-lateral line. 


backwards from the head it is pointed out that such invariably is its 
development in the embryo. For it is always derived from an ecto¬ 
dermal thickening or dorso-lateral placode, in the region of the vagus, 



Fig. 725. 

Diagram of lateral-line system in Stegocephalia. Lettering as in Fig. 717. 


which later extends over the trunk, growing at its tip and burrowing its 
way through the epidermis until it reaches the end of the tail (Balfour, 317 ; 
Dohm, 1105; Johnston, 1129; Wilson, 1185; Allis, 1081). Harrison by 
an ingenious experiment has shown that, if the tail region of one tadpole 
be grafted on to the head of another, the lateral-line rudiment of the 
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latter will grow backwards on to the tail in a most independent 
manner (1903). 1 

Moreover the neuromasts are not segmentally arranged on the head of 

any known Craniate, and in some Selachians (Mustelus, Johnson, 1125a) 

they appear as an almost continuous line of sensory epithelium even along 
the main line. 

On the other hand, certain facts seem to support the segmental theory. 
In most forms it has been found that the lateral-line system arises from a 
series of dorso-lateral placodes, at first independent (except perhaps in 
Teleostomes) and related to the 7th, 9th, and 10th cranial nerves (p. 765). 
In Petromyzon a lateralis component is associated with the profundus 
nerve, and in other aquatic Craniates lateralis fibres become associated 
with the ramus ophthalmicus superficialis and r. maxillaris of the trige¬ 
minal. These fibres are generally considered to belong to the facial nerve 
(r. of ophth. superf. facialis and r. buccalis), but they can be interpreted as 
a component of the trigeminal whose lateralis rootlet has secondarily 
joined that of the facial (Allis, 402). 

Similarly with the metaotic segments, the vagus may have had a 
lateralis component in each of its segmental branchial branches. Accord¬ 
ing to Alcock, indeed, the branchiomeric groups of neuromasts in the 
young Ammocaete are supplied by fibres passing down each gill arch (this 
important point has, however, not been confirmed by Johnston (1128)), 
the first two groups being supplied from the facial and glossopharyngeal. 
Also lateralis fibres to the ventral group of neuromasts near the yolk 
stalk of Selachians according to Norris and Hughes (1150), pass down the 
arch between the 4th and 5th gill-slit. 

These observations all suggest that originally each head segment had 
its lateralis component, and that with increasing specialisation they 
became more and more concentrated into the facial, glossopharyngeal, and 
vagus segments, and in some cases survive only in the facial and vagus 
segments. This might be brought about by the collecting of the lateralis 
rootlets of the first two segments into the facial, and of the posterior body 
segments into the vagus. Further study of the system in Cyclostomes 
might throw light on this obscure subject. 

The development of the lateral-line system has been described by 
many embryologists since Balfour (von Kupffer, 363, and Koltzoff, 361, 
in Petromyzon; Mitrophanow, 1148, Klinkhardt, 1134, Dohrn, 1105, 

1 These observations and experiments are not quite conclusive. It may 
still be argued that the building material for the lateral line, although phylo- 
genetically derived from successive body segments, has been in ontogeny 
precociously gathered near the root of the vagus and grows backwards later. 
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in Selachians; Allis, 1081, in A mi a ; Wilson, 1185, in Teleosts ; Platt, 
1162, Mitrophanow, 1887, Brauer, 1094, Brachet, 993, in Amphibia). 
Good accounts have recently been given of the origin of the lateral-line 
system in Selachians by Johnson (1125a) and Ruud (1171). The ectoderm 


early becomes thickened 
over wide lateral and 
ventral regions on the 
head, and in these 
‘ fields ’ appear special 
thickenings or placodes 
(p. 765)., connected by 
strands with the under¬ 
lying rudiments of the 
cranial ganglia. There 
can soon be distin¬ 
guished supraorbital, in¬ 
fraorbital, and post- 
orbital placodes in front 
of the auditory placode, 
and a row of post-audi¬ 
tory placodes overlying 
the glossopharyngeus 
and four branches of the 
vagus. The backward 
growth of the coalesced 
two posterior vagal 
placodes gives rise to 
the main lateral line of 
the trunk. The placode 



of the second vagal seg¬ 
ment grows dorsallyand 
caudally to form the 
more dorsal rcnv of neuro¬ 
masts, wLile that of the 


riu. 7 20. 


\ antral and left-side views of anterior region of embryo of 
Spinai niter, showing rudiments of lateral line system (from 
G. Ruud, Zool. Jahrb., 1920). B, Pectoral fin ; dp, dorsal trunk 
line ; hmp, mandibular line ; to, infraorbital line ; K gills ; l, 
ma J n * runk line/ *» transverse occipital line; M . mouth N 
and A a, nasal organ; 0, orbit; so, supraorbital line; Sp 
spiracle ; stp, temporal line. 


first vagal segment forms the transverse occipital line. The glosso¬ 
pharyngeal placode contributes to the main line and dorsally gives 
rise to the supratemporal pit-organs. A ventral placode yields the 
pit-organs near the base of the pectoral fin, Figs. 726-7. 

From the lengthened postorbital placode arises the postorbital line 
supplied by the otic branch of the facial. The infraorbital line is developed 
from the corresponding placode overlying the maxillary branch of the 
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trigeminal, and the hyomandibular line from a placode extending along 
the hyoid bar. The mandibular line appears in Torpedo to be developed 
from a separate placode related to the mandibular branch of the trigeminal. 
The exact history of the supraorbital line is not yet clear. In Selachians 
it appears to develop from a supraorbital placode at first related to the 
developing profundus ganglion. But in Petromyzon two placodes are de¬ 
scribed m this region, one at first connected with the profundus ganglion 
and the other with the facial. Eventually the supraorbital placodes give 
rise to the supraorbital line supplied by the r. ophthalmicus facialis, and 
the infraorbital placode to the line supplied by the r. buccalis facialis. 
These various lines grow in length, like the main line of the trunk, by 
multiplication of the cells at the tip, and burrow their way through the 



Fig. 727. 

Larva oi Atnia calva (after Allis, 1889). Anus ; all , accessory lateral line bud ; dl, dorsal line 
of trunk ; 1 ol, infraorbital, //, main trunk, null, mandibular, oc, occipital, pol , postorbital, sol , 
supraorbital lateral-line canal rudi m ents ; /, fixing organ ; m, mouth ; n, undivided nasal opening ; jl> 
ml, and pi, pit lines ; op, opercular fold ; pf , pectoral fin ; sp , position of closed spiracle, 

general ectoderm. Amia and Amphibia resemble very closely the Selachii 
in the distribution of placodes and development of the lateral lines, Fig. 
727. In Necturus y however, the ventral neuromasts are more developed 
and the lines pass below all the gill-slits (Platt, 1162). The true relation 
of the rudiments of the lateral lines to the three preotic segments is still 
obscure. Although in the adult all the lines developed from them appear 
to be innervated from the facial nerve, yet at their first appearance 
placodes seem to belong to each of these three segments. This observation, 
together with that of an originally separate placode on the glossopharyn¬ 
geal and each of the vagal segments, lend support to the view discussed 
above that the lateral-line system was originally distributed segmentally 
on the head. 

General Cutaneous and other Components. —The history of the other 
components is easier to deal with, Fig. 728. It is clear that the general 
cutaneous was originally present in every segment of the body as it still 
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is in Amphioxus (Johnston, 1127). In the Craniate it is the dominant 
component in the first two segments of the head, the profundus being 
apparently composed of general cutaneous fibres only, and they are always 
abundant in the trigeminal. General cutaneous fibres are retained in all 
the other segments of Cyclostomes ( Petromyzon , Johnston, 1128) ; but in 
Gnathostomes, although well represented in all the spinal nerves, this 
component tends to be reduced in the intermediate segments. The sensory 
area supplied by the profundus and trigeminal covers the greater part of 
the head and meets that supplied by the first complete spinal in Amniota, 
excepting for the area innervated by the r. auricularis of the vagus. 

General visceral sensory fibres are probably present in every segment 
of the body in Amphioxus , except perhaps the first and last few. They 
are greatly developed in the 7th, 9th and 10th cranial nerves of Craniata. 
When present, as in Teleosts, in the maxillary and mandibular branches 
of the trigeminal, they are generally supposed to have been borrowed from 
the facial. This component is peculiarly well developed in the branchial 
region of Cyclostomes and Fishes. 

The general occurrence and distribution of the components in the 
various groups of vertebrates may be gathered from Fig. 728. 

Branchial and Spinal Nerve. —Before describing the cranial nerves the 
structure of a complete dorsal nerve of the branchial region of a fish may 
be explained and contrasted with that of a typical spinal nerve. A 
complete branchial nerve would have lateralis, general cutaneous, general 
visceral, special visceral, and visceral excito-motor rootlets, and a dorsal 
ganglion. The lateralis fibres would be given off as dorsal and lateral 
branches (ramus supratemporalis, etc.) ; the general cutaneous fibres as 
a dorsal branch (r. auricularis, etc.). The general visceral sensory fibres 
would pass inwards as a ramus pharyngeus, also containing special visceral 
fibres to taste-buds, and on either side of the gill-slit as pre- and post- 
trematic branches. Of these, the r. pretrematicus internus and externus 
are composed of visceral sensory fibres, as are the two external and one 
internal post-trematic rami. The visceral motor fibres pass down the r. 
post-trematicus posticus. Such a theoretically complete branchial nerve 
is rarely if ever found in fishes, since two or more branches may combine 
and some of the components may be absent (Sewertzoff, 1173; Allis, 
4 ° 4'5 ; Norris, 1156-7). Usually, however, there are three distinct 
branches, a visceral sensory pharyngeal, a visceral sensory pre-trematic, 
and a mixed visceral sensory and motor post-trematic ; there may also 
be a small dorsal general cutaneous branch and lateralis branches. 
Certain visceral sensory and excito-motor fibres may pass into f sympa¬ 
thetic ’ nerves. The somatic motor-root of the segment is. of course, 
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separate and contributes to the hypoglossal nerve in metaotic seg 
ments. 


Cyc/osfome 


ll dr 



Selachian 



Fig. 728. 

Diagrams of Components of dorsal root cranial nerves of Gnaihostomes ; ventral root nerves 
(somatic motor component) to eye-muscles and hypoglossal muscles omitted, a, Auditory capsule ; 
al f accessory line; an, auditory nerve; br 1 - 7 , branchial slits; cht % chorda tympani ; clbr, closed 
branchial slit ; dr, dorsal root nerve of trunk ; e, eye ; cmd, external mandibular ; fa, facial and 
auditory rootlets; gl, glossopharyngeal; imd, internal mandibular; ja % Jacobsons anastomosis ; 
ll, main lateral line nerve ; md, mandibular; mx, maxillary; osf, superior ophthalmic of facial; 

A typical spinal nerve in a fish has a dorsal root chiefly of general 
cutaneous fibres and a ganglion ; and this root joins a ventral root 
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chiefly of somatic motor fibres. The mixed nerve gives off a sensory 
anterior dorsal branch, and a motor posterior dorsal branch which joins 


Aquatic Amphibian 



emd 



Amniote J9 ra spn 



Fig. 728. 


ost, sup. ophthalmic of trigeminal ; pf, profundus ; ph, pharyngeal ; pi, palatine ; pr, pretrematic ; 
Pt, postrematic ; ra, dorsal ramus ; rac, recurrent accessory ramus of facial and of vagus ; rbf, buccal ; 
rfr, ramus frontalis ; rhm, hyomandibular ; rn, orbitonasal ; ro, ramus oticus ; rst, r. supratemporalis ; 
s, spiracular slit ; spn, dorsal root of spinal nerve ; tg, trigeminal; Ip, tympanic membrane ; vsd, 
vestigial dorsal root ; vg, vagus ; w, visceral ramus. Components : black line = lateral line ; broken 
line = general cutaneous ; beaded line = visceral motor ; cross-hatched line = visceral sensory. 


the sensory branch of the segment behind. These dorsal rami supply the 
skin of the dorsal region and the muscles of the median fin (p. 116). A 
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mixed ramus medialis innervates the dorsal part of the myomere above 
the horizontal septum and the skin of that region, and a mixed ramus 
ventralis innervates the ventral part of the myomere and the skin of the 
latero-ventral region. Visceral motor and sensory fibres pass to the 
‘ sympathetic ’ by the ramus communicans (p. 775). 

The Cranial Nerves :—We may now briefly review the nerves of the 
head in order from before backwards, Fig. 728. The first is the nervus 
terminal]’s composed of general cutaneous fibres. 

The nervus terminalis, first clearly described by Pinkus in Protopterus 
(1161), has since been found in all Gnathostomes from sharks to man 
(Locy, 1145, in Selachii ; Brookover, 1910, Sheldon, 1909, in Teleostomi; 
Pinkus, 1894, Bing and Burkhardt, 1905, in Dipnoi; Herrick, 1909, 
McKibben, 1911, in Amphibia; Johnston, 1913, Larsell, 1919,^1 Reptilia; 
Brookover, 1914, 1917, Johnston, 1914, Huber and Guild, 1913, Larsell, 
1918, Stewart, 1175, in Mammalia). This nerve, not to be confused 
with the vomero-nasal division of the olfactory nerve with which it is 
often closely associated for part of its course, issues from the fore-brain 
(telencephalon) near the recessus neuroporicus and lamina terminalis, 
has a ganglion (ganglion terminale) and peripheral fibres distributed 
to free nerve-endings chiefly in the region of the nasal septum and 
external nostril. Van Wijhe, 1918, considers the n. terminalis to be the 
homologue of the first or apical nerve of Amphioxus , also a sensory nerve 
with ganglion cells on its course and distributed to the rostrum (Ayers, 
1919). 

Profundus Nerve. —Well developed and distinct in Cyclostomes this 
nerve becomes closely related or even fused to the trigeminal in Gnatho¬ 
stomes, and for a long time was considered to be a part of it, 1 until Marshall 
(366), van Wijhe (396), and others showed that it is the dorsal nerve of 
the premandibular segment with its own ganglion. The general cutaneous 
fibres of which it is almost entirely composed innervate the skin of the 
anterior region of the head, especially the snout and neighbourhood of the 
nostril. It is variable in size in Pisces, consisting typically of two chief 
branches : a main longitudinal ramus ophthalmicus profundus (r. nasalis, 
or nasociliaris) which crosses the orbit between the dorsal and ventral 
divisions of the oculomotor, dorsally to the optic nerve, and between 
the superior and inferior oblique muscles of the eye, passing through 
the nasal capsule to the snout (Chapter VI.); and a more dorsal ramus 
frontalis or portio ophthalmicus profundi, which in Pisces usually joins 
the superior ophthalmic branches of the facial and trigeminal nerves. The 

1 Consequently the profundus is often called V 1 , the r. maxillaris V 2 , and 
the r. mandibularis V s . 
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r. frontalis may be much reduced in some Selachians and Teleostomes 
(being then apparently replaced by the r. ophth. superf. trigemini), or 
well developed and separate as in Polypterus (Allis, 410). The r. ophth. 
profundus may also disappear in Selachians ( Scyllium) and Teleosts, 
leaving only the r^dix longa to the ciliary ganglion and long ciliary nerves 
which always arise from it (p. 774)- The r. frontalis remains an important 
branch in Amniota, as well as the r. nasalis. 

The second nerve of Amphioxus , a sensory root-nerve with ganglion 
cells on its course, is considered by van Wijhe to be the homologue of the 
profundus nerve of Craniates (1918). 

Trigeminal Nerve. —From the trigeminal or Gasserian ganglion come 
two main branches : a general cutaneous ramus maxillaris to the region 
of the upper jaw, and a mixed visceral motor and general cutaneous 
r. mandibularis. The former becomes closely connected with the buccal 
branch of the facial. The r. mandibularis supplies sensory fibres to the 
region of the lower jaw, and motor fibres to constrictor muscles and their 
derivatives (constrictor superficialis dorsalis of this segment, adductor 
mandibulae, levator labialis superioris, levator maxillae sup. of Pisces, 
also protractor hyomandibularis, dilator operculi, levator arcus palatini 
of Teleostomi ; masseter or temporalis or capiti-mandibularis, pterygoideus 
anterior and posterior of Amphibia, Reptilia, and Aves ; masseter, 
temporalis pterygoideus internus and externus, digastricus (pars anterior), 
tensor veli palatini, and tensor tympani of Mammalia). 

The ramus ophthalmicus superficialis forms a general cutaneous third 
branch more dorsal and so closely associated with the r. frontalis profundi 
and r. ophth. superf. facialis that it is doubtful how far these sensory 
fibres really belong to the trigeminal. In Amniota it is no longer dis¬ 
tinguishable from the r. frontalis. 

Facial Nerve. —The facialis bears the Geniculate ganglion and contains 
all the dorsal components in Teleostomes, but loses the general cutaneous 
almost if not entirely in Elasmobranchs, Amphibia, and Amniota. The 
latter, of course, have no lateralis component left in the facial nerve. 
Lateralis fibres pass ventrally into the postspiracular truncus hyomandi¬ 
bularis, and are distributed more dorsally in rami oticus, ophthalmicus 
superficialis, and buccalis (certain neuromasts on the trunk are supplied 
by a recurrent r. lateralis in Amphibia) ; these lateral-line branches 
disappear in terrestrial forms. In Teleosts visceral sensory fibres pass 
into rr. maxillaris and mandibularis trigemini to supply the inner surface 
of the jaws and teeth, and in those forms with external taste-buds visceral 
fibres run to them in these nerves and the r. ophth. superficialis. The 
external taste-buds farther back are supplied by a special dorsal recurrent 
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branch of the facialis, with which a similar branch from the vagus combines 
to form the ramus f lateralis accessorius ’ ; lateralis fibres may enter 
this nerve, and the spinal nerves may contribute general cutaneous fibres 
to itv The well-developed pharyngeal branch of visceral sensory fibres 
in all Gnathostomes runs forwards as the palatine (great superficial 
petrosal) nerve to the roof of the buccal cavity. A ventral branch from 
it supplies the roof of the buccal cavity posteriorly and in Pisces the 
anterior wall of the spiracle and spiracular pseudobranch ; it represents 
the pre-trematic branch of the facialis nerve. 

In most Osteichthyes and Tetrapoda (but not in Elasmobranchii) the 
pharyngeal branch of the glossopharyngeal joins the r. palatini facialis 
forming ‘ Jacobson’s anastomosis ’. 

The post-trematic branch or truncus hyomandibularis carries lateralis 
fibres to the preoperculo-mandibular, oral, and jugal canals in aquatic 
forms, and supplies general cutaneous fibres to the region of the hyoid and 
lower jaw in a ramus mandibularis externus in Osteichthyes ; a branch 
composed of these fibres also innervates the operculum. But in Selachians 
the general cutaneous component is small as in Notidani (Kappers, 
JI 3 2 ), or said to be altogether absent as in Squalus (Norris and Hughes, 
lr 5 8 )- Visceral sensory fibres form a r. mandibularis internus to the 
mucous surface of lower jaw and buccal cavity, including taste-buds 
(chorda tympani). 

The distribution of these components of the tr. hyomandibularis in 
Amphibia closely resembles that of fishes ; in Urodela it may divide into 
a lateralis r. mentalis, a visceral r. mandibularis internus (r. alveolaris), 
and a motor r. jugularis receiving general cutaneous fibres from the glosso¬ 
pharyngeal. In Amniota the r. mandibularis internus (combined with 
‘ sympathetic ’ fibres) is known as the ‘ chorda tympani ’ (p. 462). 

The motor fibres supply the constrictor muscles and their derivatives 
(adductor hyomandibularis, adductor and levator operculi of Osteichthyes; 
depressor mandibulae, part of mylohyoideus, sphincter colli and stapedial 
of Reptilia and Aves ; pars posterior of digastric occipito-frontalis, stylo- 
hyoideus, stapedial, platysma, and facial muscles of Mammalia). 

The auditory nerve with its ganglion is a special development of the 
acustico-lateral component of the facial segment with various branches 
supplying the sensory epithelium of the labyrinth. Though the rootlets of 
the auditory and facial nerves are separated in higher Gnathostomes, they 
are closely connected in Amphibia and Pisces, especially in early stages of 
ontogeny. 

Glossopharyngeal Nerve. —This closely approaches in Pisces the ideal 
‘ branchial nerve ’ described above, and contains usually all the dorsal 



components excepting the general cutaneous. Fibres of this component 




Fig. 729. 

Reconstruction of brain and cerebral nerves of a 12 mm. pig embryo (from J. B. Johnston, 
Nerv. Syst. of Vert., 1908, after Minot and Lewis). 3-12, Cranial nerves ; s.l, semilunar ganglion of 
trigeminal ; of>h, profundus branches ; l.s.p, large superficial petrosal ; ch.ty, chorda tympani ; fa, 
main (hyornandibular) facial ; s, superior, and p, petrosal ganglion ; ty, tympanic ; Ir, lingual, and 
phr, pharyngeal branches of glossopharyngeal ; j, jugular, and n, nodosal ganglion ; rec, recurrent n ; 
ex, spinal accessory branch to trapezius ; F, Froriep's vestigial ganglia ; c 1 - 3 , cervical spinal nerves ; 
12, hypoglossal. 


are still present in some Elasmobranchs (Notidani. Kappers, 1132; Mus- 
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telus, Hauser ; Laemargus , Ewart and Cole, 1108 ; Chimaera , Cole, 1099); 
they issue by the ramus supratemporalis, chiefly formed of the 
lateralis fibres of this segment. General cutaneous fibres also occur in 
Amphibia, pass to the facial by Jacobson’s anastomosis or other branches, 
and into the post-trematic branch; the dorsal fibres probably enter the 
r. auricularis of the vagus. This component has disappeared in Amniota. 
Visceral sensory fibres make up the r. pharyngeus (r. communicans ix 
ad vii, Jacobson’s anastomosis, tympanic branch) and pre-trematic 
branches, and enter the post-trematic branch to supply the posterior 
ventral region of the buccal cavity and tongue by the r. lingualis in 
higher forms. 

The post-trematic branch contains visceral motor fibres to visceral 
muscles of the 1st branchial arch (levator arcus branchialis, ceratohyoideus. 



Fig. 730. 


Diagrammatic left-side view showing relation of nerves and arteries in neck of Sphenodon (after 
van Beinmelen, from J. S. Kingsley, Comp. Anat. of Vertebrates, 1926). Nerves black, arteries white. 
ao, Dorsal aorta ; c, carotid gland ; ec, external carotid ; gc, cervical sympathetic ganglion ; tc, 
internal carotid ; li, Is, inferior and superior laryngeal nerves ; n, ganglion nodosum ; pa, pulmonary 
artery ; pg, petronal ganglion ; sy, sympathetic trunk ; *, thymus ; tr, thyroid. 

and certain laryngeal muscles in Tetrapoda). The glossopharyngeal 
ganglion may be very closely connected with that of the vagus ; in Mam¬ 
malia it becomes subdivided into a superior or jugular ganglion in the 
jugular foramen, and an inferior or petrous ganglion. 

Vagus or Pneumogastric Nerve.— The largest of the cranial nerves is of 
compound origin (its general structure is discussed below, p. 767). Many 
rootlets lead to its ganglion jugulare or nodosum. Fig. 729. The lateralis 
fibres have already been dealt with (p. 742) ; they issue in a dorsal r. 
supratemporalis, a main r. lateralis, and smaller branches to the secondary 
dorsal and ventral lines of neuromasts. 

Few general cutaneous fibres survive ; they pass dorsally in a r. auri¬ 
cularis, better developed in Teleostomes and Tetrapods than in Selachians. 
Visceral sensory fibres are distributed in Pisces, in pre- and post-trematic 
branches at each branchial slit, and to the dorsal wall of the pharynx by 
corresponding pharyngeal branches ; also by the large r. intestinalis to the 
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endodermal region of the alimentary canal and its glandular appendages 
and lungs, Fig. 730. 

The visceral excito-motor fibres also pass to the alimentary canal by 
the r. intestinalis (p. 774), to visceral branchial muscles in Pisces, and 
corresponding muscles of hyoid apparatus and larynx in Tetrapoda. 
Some posterior motor rootlets of fibres supplying the trapezius muscle 
become separated off in Mammalia, and form a nerve called the eleventh 
cranial or spinal accessory nerve. 


SPIRACULAR SENSE-ORGAN 

The first or spiracular gill-slit is always specialised in Gnathostomes. 
Its opening is reduced in the course of ontogeny from below to a relatively 



Scyllium canicula, advanced embryo. View from in front of transverse section through spiracle, 
diagrammatic reconstruction, aa. Afferent artery ; ac, auditory capsule ; dd, dorsal diverticulum ; 
/, hyomandibular branch of facial nerve ; jv, jugular vein (v. cap. lat.) ; sc, semicircular canal ; 
sp, external opening of spiracular slit ; spps, spiracular pseudobranch ; vd, ventral diverticulum. 


small spiracle situated behind the eye ; and even this aperture is closed 
in the adult of many Pisces (Holocephali, Dipnoi, most Teleostomi) and 
all Tetrapoda (p. 755). 

It was long ago noticed by J. Muller (1841) that in many Selachians 
the spiracular slit gives off a dorsal diverticulum which becomes applied 
to the ventro-lateral wall of the auditory capsule below the prominence 
formed by the horizontal semi-circular canal, and morphologically 
ventrally to the articulation of the hyomandibula and jugular vein. Figs. 
731-2. This ‘ auditory diverticulum ’ possibly conveys vibrations to the 
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auditory labyrinth (J. Muller, 1833-43 ; v. Bemmelen, 1091 ; Ridewood, 
1168). 

Nearer the internal opening of the spiraeular cleft there is another 
diverticulum from its anterior wall, as shown by Wright; the blind 
end of this diverticulum contains a neuromast sense organ (supplied by 
the otic branch of the facial) and in late stages becomes constricted off 
as a closed vesicle (Hoffmann, 354 ; van Wijhe, 1183 ; Norris and Hughes, 
1158). A similar neuromast was discovered by Wright (1186) in Acipenser , 
Lepidosteus, and Amia , where it is lodged in a dorsal diverticulum of the 
spiracle, Fig. 733. This diverticulum passes up outside the wall of the 



Fig. 732. 

Portion of transverse section through auditory region of head of late embryo of Hderodontus 
(Cestracion ) Philippi, 70 mm. long, a. Lateral aorta ; ac, auditory capsule ; be, basal plate ; /, 
hyomandibular branch of facial nerve ; jv, jugular vein (v. capitis lateralis) ; tie, notochord ; so. 
spiraeular sense organ in vesicle closed off from diverticulum of spiraeular slit, a star marks position 
of more posterior and ventral diverticulum (cp. Fig. 731). 


trigemino-facialis chamber in front of the hyomandibula, its blind end pro¬ 
jecting dorsally through a canal piercing the postorbital process, and the 
neuromast being there supplied by a twig of the otic branch of the facial 
nerve. The canal is formed by overgrowth of cartilage from the capsule 
in front and wall of the trigemino-facialis chamber behind. The Dipnoi also 
possess a spiraeular sense-organ discovered by Pinkus (1611) in Protopterus , 

where it is in the form of a closed vesicle lodged in the cartilaginous 

# • 

postorbital process. Agar (1079) has shown that in Lepidosiren it arises as 
an offshoot from the ectodermal region of the spiracle. There can be no 
doubt that the spiraeular sense organ of all these fishes is a special neuro¬ 
mast, derived from that part of the acustico-lateral system supplied by 
the otic nerve, which has sunk into the spiracle. The interesting sense- 
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organ recently described by Vitalii (1179-80) in a vesicle between the 
tympanic cavity and the auditory capsule in Birds is possibly of the 
same nature (Ranzi, 1165). 


Fig. 733- 

Reconstructed thick transverse section of head of larval A mi a showing spiracular sense-organ in 
dorsal diverticulum of spiracular pouch, ac, Auditory capsule; d, dorsal diverticulum of spiracular 
pouch penetrating into spiracular canal; ep, efferent pseudobranchial artery ; er, posterior or external 
rectus • fg, portion of facial ganglion in trigemino-facial chamber; g/, visceral branch of glosso¬ 
pharyngeal; ic, internal carotid in parabasal canal; Ic, lateral cartil. commissure, outer wall of 
trigeinino-facialis chamber; lie, postorbital lateral-line canal; oa, orbital artery; ot, otic branch of 
facial supplying spiracular neuromast and lateral-line; pch, anterior parachordal cartilage; pn, 
palatine nerve passing forwards; psb, spiracular pseudobranch; psph, parasphenoid with lateral 
ascending wing ; sap, secondary afferent pseudobranchial artery; sc, semicircular canal; so, spira¬ 
cular neuromast; spe, spiracular canal in cartilage ; spo, opening of spiracular pouch ; vl, vena lateralis ; 
vm, vena medialis. Posterior view. 


THE DEVELOPMENT OF THE PERIPHERAL NERVOUS SYSTEM 

Considerable light is thrown on the structure of the peripheral nervous 
system by a study of its development, of which only a brief sketch can 
here be given. 

The central nervous system (brain and spinal cord) is developed in all 
Vertebrates from a single essentially unsegmented dorsal neural plate of 
thickened ectoderm which sinks inwards and folds to form a hollow tube. 
The two edges of the plate or neural folds coming together dorsally and 
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fusing become separated off from the superficial general ectoderm. The 
tube closes first in the anterior trunk region and then progressively from 
that point backwards and forwards. At the hind end the blastopore 
becomes enclosed by the neural folds and persists as a rule for a time as a 
neurentenc canal leading from the neural canal above to the cavity of the 
enteron below. Growth in length of all the germ-layers takes place here, 
more especially at the dorsal lip of the blastopore. The last point to 
remain open anteriorly is the temporary neuropore, which finally closes in 




C 

Fig. 734- 

Transverse sections illustrating the mode of origin of the spina] ganglia. A, Fowl embryo 
with four mesoderm segments (after Neumayr, 1906); B and C, Torpedo 4 mm. embryo (after Dohrn, 
1902). ect, Ectoderm; g, rudiment of ganglion ; s.c, spinal cord. (From Kerr, Embryology, 1919). 


front of the neural plate, and may be marked in later stages by a small 
depression on the inner face of the lamina terminalis of the brain, 
the recessus neuroporicus. The whole central nervous system thus soon 
forms a closed tube entirely surrounded by mesoblastic tissue ; but while 
the neural plate is separating from the external ectoderm there appears 
along each side a longitudinal ridge or thickening of ectodermal cells, 
the neural crest of Marshall (366) and Beard (1089), Figs. 734-5. The 
exact time at which the crest appears varies in different regions and in 
different animals ; it may appear when the neural folds meet, or a con¬ 
siderable time before as in the cerebral region of most forms. When the 
separation of the external ectoderm from the neural tube has taken place 
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the crests remain attached to the latter and may meet in the middle line 
temporarily. The crests may be considered as proliferations of a narrow 
zone differentiated in the ectoderm along the edges of the neural plate, or 
perhaps as a differentiation of the margin of the plate itself. Probably 
the crest is primitively continuous from neuropore to blastopore. Seg¬ 
mental proliferations of the cells of the neural crest soon appear in the 
spinal region and develop from behind the head to near the tip of the tail ; 
as these segmental rudiments of the spinal ganglia enlarge and grow down¬ 
wards between the neural tube and the outer mesoblastic somites the 
neural crest between them disappears. In the head region the neural 



Fig. 735 . 

/•ai J r ^ nS | V r erSe L S j Ct i 01 ?, °* neura l tube of embryo Siredon ( Amblystoma) Punctatum Neural crest 

Sa£suge. y Shaded (fr ° m J ' R J° hnston ’ “/ rer,., 1*908). A, Jus? “Tier closing ■ B, 


crest becomes very early interrupted, and proliferations from it give rise to 
the rudiments of the vagus, glossopharyngeal, facial and auditory, tri¬ 
geminal and profundus ganglia. Figs. 736-9 (Balfour, 317; Marshall, 
366; van Wijhe, 396; Beard, 1089; His, 1879-93, and others; more 
recent general accounts will be found in text-books, more especially in 
those of Neumayer, 1164 ; Keibel and Mall, 1910-12 ; Brachet, 993 ; John¬ 
ston, 359). The nervus terminalis probably develops from its extreme 
anterior end. 

The subsequent history of the development of the spinal nerves is 
comparatively simple. As the rudiments of the ganglia enlarge and grow 
downwards they lose their primitive connexion with the neural tube. 
Some of the indifferent crest-cells become ganglion cells or neurons, others 
become neuroglia and sheath-cells. The ganglion cells send a fibre growing 
inwards centripetally into the central nerve tube to form the definitive 
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dorsal afferent root, and a fibre growing outwards centrifugally to form 
the afferent nerve. The ventral root is formed by the outgrowth from cells 
in the neural tube of efferent fibres which pass outwards to the corre¬ 
sponding myotome. At first in Selachians (Balfour) this ventral root is 
separate, but it soon meets the dorsal root beyond the ganglion to form a 
mixed nerve which runs in the septum posterior to its myotome (the 



Fig. 736 . 

Transverse sections of embryo Siredon ( Amblystoma ) punctatum (from J. B. Johnston, Nerv. 
oys*. of Vert., 1908). A, ganglion of glossopharyngeal at time of formation of central processes ; 
B, ganglion of trigeminal with outgrowing axons of ramus mandibularis. 


segmental relationships of nerves and myotomes are discussed below; 
see also p. 218). 

Particular interest attaches to the development of the cranial nerves 
and ganglia (Marshall, 366 ; v. Wijhe, 396 ; Beard, 1088-9; Froriep, 498 ; 
v. Kupffer, 363 ; Neal, 368 ; Kolzoff, 361; Dohrn, 1105 ; Landacre, 1142a- 
43a; Belogolowy, 1090 ; Brachet, 993 ; Chiarugi, 1097 ; Goronowitsch, 
1115-16; Klinkhardt, 1134; Neumayer, 1154; Guthke, 1117 ,* Knouff, 

1135). 

These cranial ganglia and nerves seem to arise from three separate 
sources : (1) the neural crest; (2) dorso-lateral placodes; (3) epi- 

branchial placodes. The neural crest, the chief source of the ganglionic 
cells, develops much as in the trunk, becoming early broken up into sections 
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which give rise by proliferation to segmental downgrowths. These 
rudiments of the ganglia, however, remain near the surface on the outer 





Diagrams of head-region of embryos of Squalus acanthias showing contribution from neural crest 
to development of cranial nerves (after H. V. Neal, from J. B. Johnston, Nerv. Sysl. of Vert., 1908). 
a. Anterior mesoblast (‘ head cavity ’) ; 1,2, 3, prootic somites ; cranial nerves IV-X ; nth, temporary 
nervous thalamicus. 


side of the mesoblastic somites, here little developed. They develop at 
first intersegmentally (Neal, 368), that is posteriorly to the somite to 
which they are assigned (p. 219). The first proliferation gives rise to the 
profundus ganglion 1 (ganglion ophthalmicum, or mesocephalicum), which 

1 Considerable confusion has arisen in the literature owing to this rudiment 
being named by several embryologists the ciliary ganglion (v. Wijhe, 396 ; 
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is usually closely associated with the next trigeminus or Gasserian ganglion. 
From the second rudiment, extending down into the hyoid arch, develops 



Fig. 738. 

Reconstructions of head region of embryo Petromyzon , left-side view (after N. K. Koltzoff, from 
J- B. Johnston, Nerv. Syst. of Vert., 1908). A, Young stage, with 2 gill-slits open and showing 3 
prootic and 5 metaotic somites ; B, older stage, 4 mm. long, av, Auditory vesicle ; ep 9 epiphysis ; 
1, infundibulum ; /, lens ; m/>, median nasal pore ; nt , notochord ; 0, optic cup ; pg , preoral endoderm ; 
rp, recessus neuroporicus ; rpo, recessus preopticus ; tv, post-trematic branch of vagus ; s', pre- 
mandibular somite, s*, mandibular somite is just posterior to it ; s*, first metaotic somite ; sf> 
dorsal root nerves of spinal region ; t, hypoglossal muscle ; VI, VII, neuromeres. Other letters as 
in Fig. 741. 

the facialis or geniculate and the acusticus ganglia; and from the third, 
extending into the first branchial arch, arises the glossopharyngeus 
ganglion. A more extensive region of the neural crest gives rise to the 
compound vagus ganglion (composed of ganglia, each corresponding to 

Klinkhardt, 1134, and others). The true ciliary ganglion belongs to the 
sympathetic system (p. 774). 
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Fig. 739. 

K;c ^ orti ° ns of sections through head of frog (Rana fusca), illustrating formation of Dlacodes and 
history of crest ganglia after Brachet, from W. E. Kellicott, Chordatc DeveU xqxx) A Transverse 

Sia?£ ea r nelion 1 nf emm K al embry r°' 3 mm. B, Transverse section through acustico- 

sectton through fluS with three or four pairs of mesodermal somites. C, Transverse 

Syer of ectcSeri i audU ° t ry placode , of embryo. 2-8 mm. ei. Inner or nervous 
t~ y V„ 01 ectoderm, en, endoderm; c o, outer layer of ectoderm: m meso<lerm • mt>d definite 

nla^ ary P a ^ e nerve cord; pa, auditory placode; pf, facial placode- ' ptg ^trigeminal 

placode , r, spinal prolongation of ganglion ; tg, trigeminal ganglion. ’ P S ’ 
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one branchial segment) and sends downgrowths into the remaining 
branchial arches, Figs. 736-9, 740. 1 

In the branchial region the rudiment of each cranial ganglion derived 
from the neural crest comes into contact with a thickening of the ectoderm 



Fig. 740. 


Transverse section immediately behind the first visceral 
pouc h of chick embryo of thirteen somites (after Goronowitsch 
from F. R. Lillie, Dcvclt. Chick, 1919). Ad, Aorta de- 
scendens ; c, rounded mesenchyme cells ; /. proliferation of 
ectoderm from placode ; g, place where cells derived from 
neural crest unite with mesenchyme cells of periaxial mass ; 
ms, mesoderm ; />, spindle-shaped peripheral mesenchyme 
cells. 


at the dorsal edge of the 
corresponding gill-slit. 
These thickenings are the 
cpibranchial placodes or 
‘ branchial sense organs ’ 
of Beard (1088) and Froriep 
(1887). There is no suffi¬ 
cient evidence that they 
are or ever have been 
branchiomeric organs of 
sense, although it is pos¬ 
sible that they give rise to 
cells from which develop 
the taste-buds. Each pla¬ 
code proliferates inwards 
producing a mass of cells 
which joins the neural 
crest rudiment, becomes 
detached from the surface, 
and, sinking inwards, con¬ 
tributes to the definitive 
ganglion of its segment. 
Suchepibranchial placodes 
occur in the embryo of 


all Craniates from Cyclo- 


stomes to Man related to the ganglia of the facial, glossopharyngeal, 
and each of the vagal segments, Fig. 741. 


1 As the rudiments of the definitive nervous system of the head become 
differentiated portions of the neural crest not directly used up may become 
scattered and mixed indistinguishablv with the true mesoblastic mesenchyme. 
There is reason to believe that such scattered ectoderm cells go to build up 
the peripheral nerves, probably in the form of sheath-cells. It has frequently 
been stated that they give rise to ' mesectoderm contributing to the forma¬ 
tion of the connective tissues or even the endo-skeleton of the head, with the 
help of other cells said to be proliferated from the inner surface of the covering 
ectoderm (Platt, 1162; v. Kupffer, 363; Dohrn, 1105, and others). This 
doctrine of the formation of special " mesectoderm " in the head is, however, 
almost certainly founded on misinterpretations and erroneous observations 
on unsuitable material (Brachet, 993 ; Adelmann, 1078). 
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Another contact of the neural crest ganglia takes place more dorsally 
with thickenings of the ectoderm known as dorso-lateral placodes. There 
is a series of such thickenings of which the auditory placode giving rise by 
invagination to the auditory sac (developing later into the membranous 
labyrinth and its sensory patches) is the largest and most constant. The 
dorso-lateral placodes are best developed in aquatic Craniates, but may 
appear also in Amniotes in a reduced condition. In spite of statements to 
the contrary there is good reason to believe that they are merely the 
rudiments of the lateral-line organs and their nerves, and it is doubtful 
whether even in fishes they make any important contribution to the 
definitive nervous system other than the neurons concerned with the 
lateral-line system. (See further development of lateral-line system, 

P- 744.) 

There are thus two longitudinal rows of segmentally arranged placodes: 
a dorso-lateral series and a ventro-lateral or epibranchial series—the 
latter related to each gill-slit and branchial nerve ; the former possibly 
represented in addition in the trigeminal and profundus segments, 
Figs. 728, 741. 

It is tempting to associate each of these three possible sources of 
ganglionic cells with components (Strong, 1176), and it has been concluded 
that the neurons of the general cutaneous and general visceral components 
are derived from the neural crest cells, those of the special somatic (lateral¬ 
line system) component from the dorso-lateral placodes, and those of the 
special visceral (taste-bud system) from the epibranchial placodes (Land- 
acre, ii42-43a). In the lower Craniates these three main elements of the 
ganglia may remain fairly distinct even in the adult and have each its own 
rootlet. The above conclusion is in accordance with the observation that 
the dorsolateral placodes (excepting the auditory) are reduced in terrestrial 
forms, and that the epibranchial placodes are preserved and correspond to 
those segmental nerves which supply taste-buds ; but it is difficult to 
reconcile with the view of Herrick and Johnston that the two special 
systems have been phylogenetically differentiated from the general 
systems. Much further evidence concerning the precise derivation of the 
functional neurons making up the peripheral ganglia is required before safe 
conclusions can be reached. 

Observations about the origin of the cranial ganglia are still very 
contradictory. It should be remembered that in at all events many of the 
lower forms the appearance of definite proliferations is preceded in early 
stages by a transient thickening of the epidermis of the head over extensive 
areas of which the placodes and rudiments of the lateral-line organs are 
local developments, and that these are not always clearly marked off from 
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each other. Also in higher forms vestiges of the placodes and rudiments 

may apparently occur which contribute little or nothing to the definitive 
nervous system. 

It seems fairly well established in the case of the vagus and glosso- 
P aryngeal ganglia that the neural crest supplies the general cutaneous 
and general visceral portions, and that the special visceral portions come 
rom the epibranchial placodes and lateralis portions from the dorso¬ 
lateral placodes. More difficult is the interpretation of the acustico- 
faciahs complex. Here the special visceral is doubtless derived from the 
first epibranchial placode; and the general visceral, and what general 



Fic. 741. 

striHnrsn n't rig * n of segmental ganglia in Gnathostome. Contribution from neural crest is 
hrani-h • TT d <>rso-lateral placodes obliquely hatched, from epibranchial placodes black, a, Auditory 

farfo'l ?*«./’’ fi t ft t bra P chial gill-slit ; eps, epibranchial placode of spiracular slit; 
* l!’ e los f°P ba ryngeal; h, hyoid branch ; Ipl, lateral-line placode of vagus : pp, profundus 

Eia£Zi e ’ ft" pr ° fu 7 du f ’ 5 ?* su P erlor ophthalmic branch ; sp, spina ganglion ; t, terminal; tp, 
placode of trigeminal ; tr, trigeminal ; t>>-\ first to fourth se^meAt of vagAs. ’ ’ 


cutaneous component there may be, from the neural crest. There appear 
also in the lower forms a dorso-lateral and ventro-lateral placode in 
addition to the auditory placode, and all three should probably be con¬ 
sidered as differentiations from an extensive dorso-lateral placodal area 
from which are derived the auditory ganglion and the two lateralis portions 
of the facial ganglion. But opinions differ as to the origin of the auditory 
ganglion in Amniotes, some deriving it more or less completely from the 
neural crest. Concerning the origin of the trigeminal and profundus 
ganglia there is still less agreement. Some would derive them entirely 
from neural crest cells (Goette, Corning, in Amphibia), others from both 
neural crest and dorso-lateral placodes or from the latter chiefly. Most 
authors, however, describe a contact with the epidermis in the case of both 
these ganglia not only in the lower forms (Petromyzon : Kupffer, 363 ; 
Koltzoff, 361. Selachians: Beard, 1089; Hoffmann, 354 ; Goette, 1114 J 
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Klinkhardt, 1134 ; Gast, 1113 ; Guthke, 1117 ; de Beer, 1924. Amphibia : 
Brachet, 993; Knouff, 1135), but also in Birds (Goronowitsch, 1892-3; 
Neumayer, 1154) and Mammals (Chiarugi, 1097 ; Giglio-Tos, 1902 : 
Adelmann, 1078). 


Such a contact with the epidermis, even if temporary and not involving 
any contribution of cells, may indicate a vestigial lateralis ganglion belong¬ 
ing to the trigeminal segment. The profundus connexion is usually more 
pronounced and the ganglion seems to be derived, in considerable part at 
all events, from an epidermal placode. Now the profundus nerve is com¬ 
posed of general cutaneous fibres and has no lateralis component in 
Gnathostomes ; we should expect it, therefore, to develop like a spinal 
ganglion from the neural crest. To explain this anomaly it has been 
suggested that the placode in this case belongs not to the dorso-lateral 
series but to the neural crest, which in the anterior region may spread 
outwards and so not become involved in the involution and sinking of the 
neural tube as it does farther back. The same explanation may apply to 
that part of the trigeminal ganglion which appears to develop from a dorso¬ 
lateral placode (Knouff, 1135). 


Morphology of the Vagus.—There remains to be discussed the ques¬ 
tion of the morphology of the vagus nerve, which differs so markedly 
from the other nerves of the branchial region and supplies all the 
branchial arches behind the first. The known facts of its development 
and comparative anatomy do not allow us to explain this distribution 
of its branchial nerves as due to the branching of an originally single 
segmental nerve; nor do they support Gegenbaur’s view that the 
vagus is a compound nerve formed by the gathering together of seg¬ 
mental dorsal nerves and ganglia equal in number to the gill-slits it 
supplies. This conception of the vagus as compounded of a number of 
complete dorsal nerves necessitates the further supposition that a corre¬ 
sponding number of myomeres have been compressed and more or less 
completely obliterated behind that corresponding to the first vagal seg¬ 
ment, a supposition for which there is no evidence. If myomeres are 
suppressed at all it is immediately behind the auditory capsule (p. 226) 
Not only do the segments of the vagal region yield myomeres persistent in 
the adult, but there is developed in each of the vagal segments behind the 
first a pair of vestigial and usually transitory dorsal roots and ganglia 6 
Figs. 240, 742. These were long ago described by Froriep i n ma 
malian embryos (339), and are clearly seen in such lower forms as th 
Selachii (v. Wijhe, 396 ; Goodrich, 349 ; de Beer, 320). Whatever 6 

be the explanation of the structure of the vagus, these vestigial Y 

mental ganglia show that it has not been formed by their coalescence" 



768 


NERVOUS SYSTEM 


CHAP. 


But the best evidence comes from a study of the anatomy and develop¬ 
ment of Petromyzon (Hatschek, 352 ; Koltzoff, 361; Johnston, 359, 1128). 
In this Cyclostome every segment in the region occupied by the vagus is 
provided with a myomere innervated by a ventral root nerve (coalesced 
in the first three metaotic segments), and a ganglionated dorsal root 
nerve giving off a dorsal general cutaneous ramus and a ventral branch 
connecting with the longitudinal ‘ epibranchial ’ vagus. There has been 
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Fig. 74 2. 

Dissection of head of 15 mm. pig embryo from right side to show accessory vagus ganglia with 
peripheral roots passing to hypoglossal nerve. x 25. (From Prentiss and Arey, Textbook of Embryo¬ 
logy, 1917.) 


here no general ‘ collecting ’ of dorsal nerves and no suppression of seg¬ 
ments, Figs. 728, 743. 

Some other explanation must therefore be sought, and the best is 
based on the theory of partial polymerisation suggested in a general 
way by Hatschek. Adopting the doctrine of nerve components we may 
suppose that the rootlets of certain components of the segmental dorsal 
nerves supplying the branchial segments have been completely, as in the 
case of the special somatic and special and general visceral, or incompletely, 
as in the case of the general cutaneous components, gathered forwards into 
the anterior root of the vagus, some of the last component being left behind 
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in its original position (vestigial ganglia of Gnathostomes, and more 
complete dorsal nerves of Cyclostome). The longitudinal ‘ epibranchial ’ 
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corresponds to and varies with the number of branchial slits is naturally- 
explained on the supposition that the process of ‘ collecting ’ extends over 
all the segments of the region where branchial slits are developed ; neither 
excalation nor intercalation of nerves between the vagus and the first 
spinal need have taken place. 

THE ' SYMPATHETIC ’ NERVOUS SYSTEM 

All the parts of the peripheral nervous system of a Vertebrate are so 
connected with each other and the central nervous system that it is not 

d b lh 



Fig. 744. 

Reflex paths in peripheral nervous system. Diagram illustrating origin and distribution of nerve- 
fibres in trunk of Gnathostome (Mammal). Somatic reflex arc on left; autonomic reflex arc on 
Afferent fibres represented as broken lines, efferent fibres as black lines ; sympathetic fibres red: 
Arrows indicate course of nerve impulses, afn, Afferent sensory neuron ; a/s, afferent neuron related 
to viscera ; eg, collateral sympathetic ganglion ; dh, intermediate neuron of dorsal horn ; dr, dorsal 
root ; gl, spinal ganglion ; gr, grey ramus; Ig, lateral sympathetic ganglion ; Ih, preganglionic 
neuron of lateral horn related to sympathetic ; s, sympathetic neuron ; vh, motor neuron of ventral 
horn ; vr, ventral root ; wr, white ramus. 

♦Instead of red, stippled. 

possible satisfactorily to subdivide it into anatomically separate regions. 
We may distinguish the central nervous system from the cranial and spinal 
nerves ; but if, with the anatomist, we define what remains when these 
have been removed as the ( sympathetic system consisting of nerves, 
ganglia, and plexuses supplying chiefly unstriated muscles of the vascular 
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system, alimentary canal, and other viscera, and glands, we are met at 
once with the difficulty that many of the fibres coming from the sympathetic 
ganglia are distributed in the branches of the spinal and cranial nerves 



riG. 745. 

ctr,,!? fTer K nt nerV ? U ! heatl - Diagram of transverse section of branchial region of fimthn 

stome, showing distribution of excito-motor neurons in cranial nerves (black) imPwmmth *•*, 

neurons (redf a, Dorsal aorta; 6m. ventral branchial muscle; 3 r.TorsalrSo’- 5 ^ dS mo or 

mTokirhrXhiT | UUSCle; ^-Position of gill-slit; Am. hypobranchial muscie A/ l“aJt 

m dorsal branchial muscle; nc, medulla; nt, notochord; pef, connector nrppnm-linniV eart . 

S D tZS nd ; Sg ’ Segmen t tal ganglion ; st, stomach ; vmf, ventral motor Abres • tr ven ral r^?' 
Dorsal root nerve represents vagus, and ventral root nerve hypoglossal cm and’Am’ ,W ! ~ [ 

segmented somites, bm and m from unsegmented lateral plate.' • Sympathet™ on ngh’t sfde * 

•Instead of red, thick black lines. 


to the skin, and indeed perhaps to all the muscles of the body both striated 
and smooth. 1 The time-honoured name sympathetic, then, used by the 
anatomist, indicates an arbitrarily distinguished portion of the peripheral 


n 1 T gre , at dea ‘ ° f controvers y has arisen of late years concerning the 
alleged double innervatmn of voluntary striated muscle fibres bv both ordinary 

motor and autonomic nerve fibres. Thoracico-lumbar svmmthotir 7 

undoubtedly penetrate the muscles and are distributed in them, but whether 

‘ ,*7 ’’ P 7, 7 ° Wn mUSClC fibreS ' fibrCS alrea(i v Provided with motor end 

P ates, the blood-vessels, or a combination of these elements, is still uncertain 

Peroncito, I9 ° i; Boeke, .913; Agduhr. , 92 o; Botezat. .9.0 • Kulchltsk 

1924; Hunter. 1925 ; also Wilson, 1921, for general review of the subject) 
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nervous system connected here and there with the cranial and spinal 

nerves. A better subdivision of the peripheral nerves can be made on 

functional grounds, taking into account the course of the nerve fibres 

serving as paths of impulses to and from the central nervous system 
(see p. 725). 


The sympathetic of the anatomist contains many sensory afferent 
fibres from the viscera and internal organs ; but, since these differ in no 
essential from other afferent fibres, and since their cell-bodies are situated 



Fic. 746. 

ITrin^r^vAutonomic dorsal root system of Mammal (modified from W. H. Gaskell, 1916). b, 

te hm£ hl ^%ler /a 'l!nt U Ur^ rVe I 8 !’ glossopharyngeal ; ht, heart; kidney ; /, lacrimal gland ; 
nhaJV l A U> g intestine ; ot, otic ganglion ; ov, oviduct; p, parotid gland ; ph, 

L, snlern ?a ] U ^ ' S ’ submax,llar y gland ; sg, submaxiiJary ganglion; sin!, small intestine; 
sp, spleen , spa, spinal accessory ; 5/, stomach ; tr, trigeminal ; va, vagus. 


in the dorsal root ganglia of the cranial and spinal nerves, they require no 

special treatment and can be set aside as the visceral sensory component of 
the peripheral nerves (p. 729). 

To the whole efferent sympathetic system Gaskell gave the name 
involuntary ’ since its action is usually not under the control of the will ; 
but Langley substituted the less objectionable name ‘ autonomic ’, which 
is now generally used by physiologists (Gaskell, 1112; Langley, 1144; 
Muller, 1153; Huber, 1125). This autonomic system consists essentially 
of peripheral neurons, generally grouped in ganglia, receiving impulses 
from the central nervous system by branches of the cranial or spinal 
nerves, and carrying impulses by fibres distributed to practically all 
regions of the body, including the viscora. But the complete system 
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includes cells in the brain and spinal cord whose axons pass to the outer 
ganglia or plexuses where they come into synaptic relation with other cells 
whose axons supply the effector end organs (pigment cells, contractile cells 
of blood-vessels and muscles, and gland cells). The peripheral cell may be 
known as the sympathetic neuron, the central cell as the connector neuron. 
The connector axon is known as the preganglionic fibre, the sympathetic 
axon as the postganglionic fibre, Figs. 744-5, 750. In Gnathostomes, 
whereas the preganglionic fibres are provided with the usual medullary 
sheath, the postganglionic fibres remain non-myelenated, and can thus be 



Fig. 747. 

Diagram of Autonomic supply in head of Mammal ; left side view of cranial nerves, etc. (modified 
from Oaskell, 1916) Preganglionic neurons black; postganglionic neurons red* cht. Chorda tym- 

pl ,° xu , s ; f' c . ye fac . ial = Rlossopharyngeal; hm, hyomandibular branch of 
lac 1 V la , crimal gland; Is longitudinal sympathetic cord; lsp, lesser superficial petrosal- md 

^ n^‘ ? r i ?" C .' 1 w’ niaX / lla ?‘ bran , ch : oc ,' ^ulomotor ; og, otic ganglion ; pal, palatine branch | 
par, parotid gland ; prf, profundus; sbm, submaxillary gland ; sc, superior cervical ganglion • sg 

vagus' 1311 ary gang lon ’ s P g ’ s P he nopalatine ganglion ; tpl, tympanic plexus ; tr, trigeminal ■’ va, 


‘ Instead of red, broken line. 

distinguished ; moreover, except in the heart, the muscle fibres supplied 

by sympathetic neurons are of the ‘ smooth ’ unstriated kind. 1 

In the Gnathostomes there are paired ganglia in the head connected to 

some of the cranial nerves; paired segmental ganglia in the trunk and 

anterior region of the tail, extending below the vertebral column on each 

side, joined together by a longitudinal nerve trunk and connected to the 

corresponding spinal nerves by rami communicantes ; also median ganglia 

in the dorsal mesentery, and smaller peripheral ganglia distributed in the 
viscera. 


Except possibly in the enteric plexus, there are no short cuts peri¬ 
pherally to sympathetic ganglia, and (neglecting possible ‘ axon reflexes ’) 
sympathetic reflex arcs can only be completed through the central nervous 


Fo/™?!! diSti K Ct H 0n .l however - are not absolute, especially in lower forms. 

latld InH ik ln * P° st B an g lionic fibres to the iris muscles are medul- 

lated, and these muscles are striated (Gaskell, 1112). 
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system to which all the sensory impulses are carried by afferent fibres 
whether by spinal, cranial, or visceral nerves. 

Our modern knowledge of the detailed structure and function of the 
sympathetic nervous system is due chiefly to Gaskell and Langley ; and 
since it is best known in the higher vertebrates it will be well to begin 
by describing it in a Mammal. The sympathetic neurons are connected 


Prf 



Fig. 748. 

Diagram illustrating relation of dorsal cranial nerve ( prf , profundus) and ventral cranial nerve 
(oe, oculomotor) with ciliary ganglion, cgl, and * sympathetic Afferent fibres broken lines ; 
efferent fibres black ; ‘ sympathetic ’ fibres red* br, Brain ; c, ciliary muscle ; ctt, nerve, with 
sympathetic fibres to iris ; em, external eye-muscle ; i, iris muscle ; n, motor fibres; nc, ciliary nerve, 
with sympathetic fibres to iris and ciliary muscle ; rb, radix brevis ; rl, radix longa ; s, sympathetic 
nerve from cervical ganglion. 

•Instead of red. thick broken lines. 

with the central nervous system by four ‘ outflows ’ of preganglionic 
fibres : 

(1) The Mid-brain Outflow, through the oculomotor nerve to the 
ciliary ganglion, supplies the iris sphincter and the ciliary muscle, Figs. 
747-8-9. 

(2) The Bulbar or Hind-brain Outflow through the facial, glosso¬ 
pharyngeal, and vagus nerves : through the 7th nerve to the spheno¬ 
palatine ganglion by the palatine or great superficial petrosal nerve supply¬ 
ing the lacrimal gland, and by the chorda tympani to the submaxillary 
gland; through the 9th to the otic ganglion supplying the parotid; through 
the 10th to sympathetic neurons in the heart (inhibitory), in the lungs, and 
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in the wall of the alimentary canal and its glands (including the liver) as 
far as the posterior end of the small intestine. It is these neurons of the 
alimentary canal which form the plexus of Auerbach (plexus myentericus) 
between the muscle layers, and the plexus of Meissner (plexus submucosus) 
near the mucous membrane of the stomach and small intestine, Figs. 745, 
750 (see p. 782). Outflows (1) and (2) are related to cranial nerves and 
issue in front of the pectoral limb-plexus, Figs. 745-7. 

(3) The Thoracico-lumbar Outflow is related to the spinal nerves 
between the pectoral and the pelvic limb-plexuses. The connector 
neurons, situated in the lateral column of the spinal cord, have axons 
which issue by the ventral spinal roots as medullated fibres which leave the 
mixed spinal nerves forming the white rami communicantes passing 
ventrally to a corresponding segmental series of vertebral or lateral ganglia 
on either side of the dorsal aorta. The vertebral ganglia are joined 
together by a longitudinal nerve trunk formed by the connector fibres and 
their collateral branches, and were originally no doubt distributed seg- 
mentally all along the body ; but they dwindle away in the tail, and in the 
cervical region run together to coalesce into a large superior and inferior 
ganglion still connected to the corresponding spinal nerves by segmental 
grey rami. Moreover the longitudinal nerve runs forward to connect with 
the cranial nerves and successive cranial sympathetic ganglia of outflows (1) 
and (2). From sympathetic neurons constituting all these lateral ganglia 
issue non-medullated fibres which pass as grey rami to the corresponding 
spinal nerves to supply the sweat-glands and smooth muscles of the skin 
(erector muscles of the hair, etc.) over the entire body. Sympathetic 
fibres also pass from the superior cervical ganglion to the radial ciliary 
muscle, the submaxillary gland (inhibitory), the buccal region, the larynx, 
the heart ; while the inferior cervical ganglion supplies the heart (acceler¬ 
ator) and larynx, Figs. 749 and 750. 

More connector fibres pass out through the ventral thoracic roots and 

lateral ganglia into the median mesentery where they form the splanchnic 

nerves running to the unpaired prevertebral or collateral ganglia. Of 

these the most anterior, the coeliac, supplies the spleen, liver, and stomach; 

the superior mesenteric ganglion sends inhibitor fibres to thesmall intestine, 

and motor fibres to the ileo-caecal valve; from the most posterior ganglion, 

the inferior mesenteric, run fibres to the large intestine, the sphincter ani 

and sphincters of the urinary bladder and urethra, and muscles of the 
copulatory organs. 

Lastly, a set of preganglionic connector fibres pass out still farther 
by the lumbar ventral roots and, running through the inferior mesen¬ 
teric ganglion, join to a hypogastric nerve which branches to a plexus of 
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sympathetic neurons supplying the muscular and glandular walls of the 
excretory and genital ducts. 

(4) The Sacral Outflow takes place behind the pelvic plexus by the 
ventral roots of the first three sacral nerves, where connector fibres pass 
out and join to a pelvic nerve (nervus erigens) which branches to a peri¬ 
pheral plexus in the wall of the large intestine, rectum, and bladder, and 
supplies the blood-vessels of the external copulatory organs, Fig. 750. 



Fig. 749. 

Diagram of Autonomic ventral root system of Mammal (modified from W. H. Gaskell, 1916). In 
black, preganglionic neurons of right side whose axons issue by ventral roots ; in red, postganglionic 
neurons, a. Aorta ; ab, abducens ; as, anal sphincter ; bs, bladder sphincter ; c, semilunar ganglion , 
cc, ciliary ganglion ; e, eye ; h, branch to head ; i, inferior mesenteric ganglion ; ic, stellate ganglion , 
Igl, chain of lateral ganglia; Isn, lumbar splanchnic; mu, muscle of urethra; pn, pelvic nerve , 
s, superior mesenteric ganglion ; spn, spinal nerve receiving sympathetic fibre from lateral chain 
ramus communicans. Above are indicated ventral nerve roots from oc, oculomotor, anteriorly 
fourth caudal posteriorly ; to, trochlear ; ab, abducens ; c*-‘, cervical ; d 1 - 12 , dorsal or tnoracic , 

lumbar ; s'-\ sacral ; c 1 , caudal. Other letters as in Fig. 746. 

* Instead of red, broken lines. 

From the above description it appears that in the Mammal the auto¬ 
nomic system has been subdivided by physiologists into four divisions or 
outflows from the central nervous system ; but from the point of view of 
the comparative anatomist we may group these into two sets : (i) the 
dorsal root system comprising the outflow through the 7th, 9th, and 10th 
cranial nerves (and perhaps the nervus terminalis), and (2) the ventral 
root system comprising the outflows through the 3rd cranial nerve, the 

thoracico-lumbar and sacral nerves. 

It is important to notice that an organ frequently receives a double 
autonomic supply, usually antagonistic. For instance the striated 
musculature of the heart receives accelerator impulses from the thoracic 
outflow and inhibitory impulses from the bulbar outflow, while the 
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reverse is the ease with the unstriated musculature. The bulbar outflow 
stimulates in the intestine peristaltic action which is inhibited by the 
thoracic outflow. The secretion of the submaxillary gland is increased by 
impulses through the chorda tympani branch of the 7th nerve, but de¬ 
creased by impulses from the superior cervical ganglion. In these instances 
one supply comes from the dorsal and the other from the ventral root 
system ; but in others the double supply may issue through the ventral 



Fig. 750. 

showinTdison S S 1 (in °t f trun . k ‘ Diagram of transv< rse section of trunk region of Gnathostome, 
^ed^ ComDare F^ iA l rfrY n f urons ,n spinal1 nerve (black), and ‘sympathetic’ neurons 
* l- 745 - c 9 Cardinal vein ; g t gonad ; gr t grev ramus • i intestine • Jp lateral 

ganglion (median collateral ganglion shown dorsal to intestine) ; m myomere • nc SDinai cord • s;el 
skin gland ; sm. smooth muscle ; ict, white ramus. ' in>orm re , nc, spinal cord , sgl, 

♦Instead of red, thick blacl lines. 


roots, as in the case of the large intestine, though here the antagonism may 
possibly be not of quite the same nature. 

Another remarkable fact is that excitor fibres of the skin (erector 
muscles and glands) are distributed over segmental areas corresponding 
to the sensory areas of the mixed spinal nerves in the branches of which 
they run. But those supplying the greater part of the skin of the head pass 
forwards from the superior cervical ganglion into branches of the fifth 

nerve. Similarly vasomotor fibres may pass forwards and be distributed 
in the branches of the sensory cranial nerves. 

Although the sympathetic system is by no means so well known in the 
ov\er Vertebrates as in Mammals, vet enough has been made out to 
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establish that it is built on the same general principle in all the Gnatho- 
stomes. That of Birds and Reptiles differs only in detail from that of 
the Mammal. Even in the Selachian (Chevrel, 1096 ; E. Muller, 1149) are 
found essentially the same chain of paired lateral ganglia, splanchnic 
nerves to unpaired collateral ganglia, and peripheral sympathetic neurons 
and plexuses in the alimentary canal and other viscera, all belonging to the 
ventral root system. A ciliary ganglion supplies the iris muscles. The 
dorsal root system is represented by nerves and ganglia connected with 
the 7th and 9th cranial nerves, as well as an extensive supply from the 
vagus to the stomach, small intestine, and other parts. Some Teleosts 
possess not only segmental lateral ganglia in the trunk, but also a 
ganglion to each of the sensory cranial nerves, all connected by a 
longitudinal cord (Allis, 402, 404), a condition possibly indicating a 
primitive stage in which segmental ganglia were regularly distributed 
along the whole body. In many Teleostomes, however, the system 
seems to be less definitely differentiated, the lateral ganglia less 
regular^ and the sympathetic neurons scattered along the cardinal veins 
(Kuntz 1137) 

In the Cyclostomes it is undoubtedly less well differentiated than in the 
typical Gnathostome. The sympathetic fibres are here no longer dis¬ 
tinguishable by the absence of a medullary sheath, since no fibres in these 
lower Craniates have yet acquired such a sheath. The whole system is 
difficult to make out, and is but very imperfectly known, especially in the 
Myxinoids. The chain of lateral ganglia described by Julin in the larva 
has not been found by subsequent observers, nor are collateral ganglia 
known to occur ; but the thoracico-lumbar outflow seems to be repre¬ 
sented by cells scattered along the cardinal veins, grouped near the seg¬ 
mental vessels and dorsal roots of the spinal nerves, where they are 
associated with chromafine cells distributed in almost all the segments of 
the body, and forming a mass on the sinus venosus (Giacomini, 1902-4; 
Eusari, 1889; Favaro, 1924). Moreover, V. Kupffer and Johnson have 
described sympathetic branches from the 7th and 10th cranial nerves to 
the pharyngeal region, and the vagus further supplies the whole of the 
alimentary canal. Here it is related to a plexus apparently represent¬ 
ing Auerbach’s plexus in the Gnathostomes (Dogiel, 1103; Smimow ; 
Brandt, 1093 ; Tretjakoff, 1178). 

No definite sympathetic system has been found in Amphioxus. 
Scattered ganglion cells have been described in the wall of its pharynx ; 
and such fibres as pass to the vascular system and alimentary canal 
come from visceral branches of the dorsal spinal roots, Fig. 707. In a 
general way these may represent the vagal supply of the Gnathostomes 
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(Fusari, 1889 ; Dogiel, 1104 ; Heymans and Stricht, v. d., 1122 ; Kutchin, 
1141 ; Johnston, 1127 (see p. 782)). 

Development and Phylogeny.—If we turn to embryology for a clue 
to the origin of the sympathetic system, we find that, whereas Remak and 
the early observers believed that it developed in situ from mesoblastic 



riG. 751. 


Scyllxum canicula embryo stage L. Portion of transverse section showing developing mesonephros 
and sympathetic system mt Rudimentary mesonephric tubule not yet joined to duct md • sv 
rudiment of sympathetic lateral ganglion from spinal nerve. ’ y ’ 


tissues, the modern and almost universally adopted view is that it is 
entirely of epiblastic origin. 

Balfour in 1877 first established the epiblastic origin of the lateral 
ganglia in Selachians, showing that they develop from the mixed spinal 
nerves below the spinal ganglia as outgrowths which pass towards the 
aorta, Figs. 751-2. In each segment the drawn-out connecting strand 
remains as the ramus communicans, while the longitudinal cord only 
develops later. These observations were confirmed and extended by 
Onodi in 1886, who traced from the same source both lateral and collateral 
ganglia in Selachians and Lizards. Similar views have been upheld by 
van YVijhe, 1889, Rabl, 1889, and Hoffmann, 1899, with regard to the 
Selachn, and since by others with regard to other groups of Gnathostomes, 
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Fig. 753 (Aves : Abel, 1077; Ganfini, mo; Rau and Johnson, 1166). 
According to Schenk and Birdsall, 1878, the whole system in the body of 
the duck and mammal develops from the spinal ganglia. But it was His 
junior who first described in birds and mammals the whole system, including 
even the peripheral plexuses, as formed of epiblastic cells which actively 



Fig. 752. 

Scyllium canicula, embryo 23 mm. long, stage M. Portion of transverse section of anterior trunk 
segment showing developing mesonephros and sympathetic system, ao, Dorsal aorta ; ep, epiaerm , 
gl, spinal ganglion ; In, lateral-line nerve ; md, mesonephric duct ; tnes, mesentery ; my, myomer , 
nt, notochord ; pc, posterior cardinal vein ; pf, peritoneal funnel ; spn, spinal nerve ; sy, ru 1 
of lateral ‘ vertebral ’ sympathetic ganglion. 

migrate from the neural tube to the spinal ganglia and thence farther and 
farther until they reach the remotest parts of the viscera. This active 
migration of independent cells into the mesenchyme towards the aorta 
seems to occur more in the higher than in the lower forms. Now, while 
many, like Held (1119), Marcus (1909), Kohn (113 6 ), and E * Muller (1149, 
1151), believe that the sympathetic cells migrate out through the dorsal 
root or are more directly produced from cells in the spinal ganglion, Froriep 
working on Lepus and Torpedo , and Cajal on the chick, maintain that 
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these motor neurons pass out from the neural tube by the ventral roots 
(Froriep; also Harrison in Salmo , ’oi, and Carpenter and Main, ’07). 
Hoffmann and Neumayer, on the other hand, hold that both roots are 
concerned ; Kuntz in a series of important studies on the development 


of the sympathetic in Pisces, Amphibia, 
Reptilia, Aves, and Mammalia (1137), 
maintains that in all these cells migrate 
from the neural tube by both the dorsal 
and the ventral roots, a conclusion also 
supported by Ganfini (1 no). Kuntz made 
the important observation that the cells 
of the peripheral plexuses supplied by 
the vagus, including the myenteric and 
submucous plexuses, all pass out along 
the branches of the vagus which supply 
them. Certainly cells do migrate out by 
the ventral roots, and the only doubt is as 
to whether they are destined to develop 
into sympathetic neurons and not merely 
sheath-cells ; but Kuntz seems to have 
set this doubt at rest by showing that, if 
the ventral region of the neural tube be 
removed in the chick embryo, the sym¬ 
pathetic fails to develop completely. By 
similar experiments on the frog, however, 
E. Muller claims to have shown that no 
neurons come from the ventral roots (1151). 

The development of the cranial ganglia 



Fig. 753. 


has been studied by Kuntz in man (iiiq) . Tran f sv £ rse section through 8-6 mm. 

. ' arya of Ratia esmlenta, illustrating re- 

and by Stewart in the rat (1174) The latlons ,°, f sympathetic cord and spinal 

V c nerve (after Held, from W. K. Kelli- 

otic ganglion is formed by cells migrating cott ’ Chordate Deveit., 1913.) a , Dorsal 

i__, .1 1 . . ^ aorta; c, spinal cord ; d, dorsal (sensory 

oy the glossopharyngeal nerve, the sub- afferent ) ro °t of spinal nerve ; m, myo- 

,1 , , _ tome; n, notochord; r, ramus com- 

maxillary and sublingual ganglia of cells munica ns ; sc. sympathetic cord- se 

miffr-oti 1 . 1 . , . spinal ganglion ; sti, spinal nerve trunk • 

migrating by the chorda tympani, and the ventral (motor, efferent) root of spinai 

1 1 • r . nerve. * 

sphenopalatine of cells migrating by the 

palatine branch of the facial. These observations agree with the known 
course of the connector fibres. Kuntz, however, also describes a contri¬ 
bution to all three from the trigeminal ganglion. Moreover, the ciliary 
ganghon is sa.d to be formed by cells migrating not only by the oculo¬ 
motor nerve, but also by the profundus branch of the fifth nerve. Yet 
no connector fibres have been proved to be contained in this nerve. 
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The general result of these modern researches is that the sympathetic 
neurons are of epiblastic origin, and pass outwards in two main streams : 
one of cells of neural-tube or neural-crest origin which migrate through 
the dorsal roots and ganglia of the cranial and spinal nerves ; the other 
of cells from the lateral column of the central nervous system which 
migrate along the third cranial nerve and the ventral spinal roots. If 
these conclusions are correct it would follow that the emigrating cells may 
take the same course as the connector fibres in the adult. It is clear that 
this whole autonomic or ‘ sympathetic ’ system might be defined as that 
part of the peripheral excitor nervous system whose special neurons are 
situated outside the central nervous system and segmental dorsal ganglia, 
and receive impulses through preganglionic fibres. 

Gaskell long ago represented the whole efferent sympathetic system as 
formed by the outflowing of cells farther and farther from the central 
nervous system, with which they remain in connexion by correspondingly 
lengthening preganglionic connector fibres. Such indeed appears to be 
its ontogenetic development; but it can scarcely be its phylogenetic 
history. For it cannot be held that the early Vertebrate had no efferent 
supply to its viscera, vascular system, skin muscles and glands. Rather 
may it be supposed that this peripheral nervous system, such as it occurs 
in Gnathostomes, has been differentiated out of a more diffuse general 
network, like that found in primitive Invertebrates, where the various 
efferent paths are imperfectly distinguished, and where the nerve fibres 
anastomose to a true network, perhaps not yet subdivided into neurons 
separated by synapses. 

It may be suggested that in Vertebrates the central nervous system 
arose by the concentration of neurons originally distributed in such a 
diffuse network throughout the body ; and that the sympathetic system 
is composed of those excitor neurons which have not yet been so con¬ 
centrated, but remain distributed at various points along the nerves and 
in the viscera. The history in phylogeny would then have been the 
reverse of what is believed to occur in ontogeny. But it must be con¬ 
fessed that the evidence for such a history is still far from satisfactory. A 
better knowledge of the structure, function, and development of the 
peripheral nervous system of the lower forms, more especially of the 
Cyclostomes, is urgently needed. A study of the peripheral nervous 
system in the Enteropneusta might also throw light on the early history of 
this system in the Vertebrata. 

It is tempting to see the remains of a primitive network in the enteric 
plexus of Gnathostomes. The exact nature of this plexus is, however, 
by no means yet determined. A variety of cells have been described in it 
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(Dogiel, 1103; Cajal, 1893-4; Michailow; E. Muller, 1150, 1152; 
Kuntz, 1138 ; Hill, 1123), some of which have been held to be afferent, 
thus giving rise to reflex arcs within the wall of the gut; but this view 
has not been thoroughly established. Some authors describe the 


plexuses as composed of 
true networks (Bethe, 
1903; E. Muller, 1149-50, 
1152), while others de¬ 
scribe them as made up 
of neurons separated by 
synapses (Cajal, 1911; 
Kuntz, 1138; Hill, 1123). 
According to E. Muller, 
in birds and mammals 
the myenteric plexus is 
formed of neurons related 
to vagal connector fibres, 
and the submucous 
plexus of a network re¬ 
lated to fibres from the 
p re vertebral ganglia ; 
while in Selachians both 
would still be true net¬ 
works. 

The complex struc¬ 
ture of the nerve plexuses 
of the intestine of Mam¬ 



mals may be briefly de¬ 
scribed as follows accord¬ 
ing to the latest work 
(C. J. Hill, 1123). The 
ganglia of the myenteric 
plexus of Auerbach and 
the submucous plexus of 


Fig. 754. 

Diagram illustrating relations of nervous plexuses in wall of 
intestine of Mammal, seen in longitudinal section (from C. J. Hill 
Ir. hoy. Soc., 1927)- cm, Circular muscle ; gn.coel, coeliac gang¬ 
lion ; Itn, longitudinal muscle ; mm, muscularis mucosae • muc 
mucosa with villi projecting into lumen; plm, myenteric plexus 
of Auerbach ; plsm, submucous plexus of Meissner • plsvm 
sympathetic plexus; sm, submucosa; ss, subserosa; sspl sub- 
serous plexus; symf, sympathetic fibres; v, blood-vessel• vagf 

vagal fibres; pregf, preganglionic fibre; postgf, postganglionic 
fibre ; senf , sensory fibre. 0 b 


Meissner contain sympathetic neurons connected with preganglionic fibres 
of the vagus nerve. These sympathetic neurons may not only supply 
the muscles, but also send fibres to other neurons in neighbouring ganglia 
and from one plexus to the other. Both the outer coat of longitudinal 
muscles and the inner coat of circular muscles are supplied from the 
myenteric plexus. The submucous plexus supplies the thin innermost 
coat of muscles belonging to the mucosa and the muscles of the villi. 
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Postganglionic sympathetic fibres pass down the mesentery from the 
collateral ganglia to the intestine and are distributed chiefly to the 
blood-vessels and possibly to the muscle cells, Fig. 754. 

Dorsal- and Ventral-root Systems. —An interesting and very important 
problem concerning the general morphology of the autonomic system 
remains to be discussed (Goodrich, 1927). Physiologists subdivide the 
whole system into (a) sympathetic proper or thoracico-lumbar outflow, 
and ( b) parasympathetic (mid-brain, hind-brain, and sacral outflows). 
A third division, ( c ) enteric, is sometimes made for the plexuses of the 
alimentary canal. The division into sympathetic and parasympathetic 
may be justified on physiological grounds (action of drugs, etc.), but is 
not satisfactory from the point of view of morphology (p. 776). 

What strikes the morphologist is that some of the outflows of pre¬ 
ganglionic fibres pass out through dorsal (posterior) nerve-roots, and others 
through ventral (anterior) nerve-roots. The whole system may be sub¬ 
divided into {a) the dorsal-root system (Hind-brain outflow, Figs. 745-6), 
and (b) the ventral-root system (Mid-brain, Thoracico-lumbar, and Sacral 
outflows, Figs. 749, 750). 

The problem then arises : How has the latter system been evolved ? 
How have ‘ sympathetic ’ neurons come to be connected with the central 
nervous system through ventral roots ? For the connexion through 
dorsal roots (as in the cranial nerves of the hind-brain) appears to be the 
primitive one. 

In lower vertebrates, such as Amphioxus and Petromyzon, the ventral 
roots throughout the body supply the myomeres only, so far as we know. 
Any efferent fibres, belonging to or representing the ‘ sympathetic ’ 
supply to the viscera or skin, must apparently in these forms pass out 
through the dorsal roots, not only in the head but throughout the 
whole length of the body. This condition persists in the hind-brain 
region of the higher forms, where the facial, glossopharyngeal, and 
vagus nerves represent the dorsal roots (of three segments), which 
remain separate from their corresponding ventral roots (abducens and 
hypoglossal; see above, pp. 216, 221, and 226). 

Moreover, embryology seems to show that the hind-brain outflow of 
sympathetic cells is through dorsal-root cranial nerves, and although the 
evidence is still somewhat conflicting with regard to the thoracico-lumbar 
and sacral outflows these seem to take place also to some extent through 
the dorsal roots of the spinal nerves. 

Clearly, the evidence as a whole points to the autonomic system 
having been originally related to the dorsal roots, and it remains to 
be explained how in the Gnathostomes sympathetic neurons belonging 
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to the mid-brain, thoracico-lumbar, and sacral outflows acquired a 
connexion with the central nervous system by means of preganglionic 
fibres issuing through the ventral roots. It can hardly be supposed 
that the whole ‘ ventral-root system ’ is peculiar to and has arisen in 
the Gnathostome Vertebrates. 
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Acanthodes, jaws, 413 f. 

Acanthodian, skull, etc., 409 f. 

Acerina, ovary, 703 f. 

Acipenser, genital ducts, 687 f. 
gills, 499 f., 504 f. 
heart, 542 f. 
larva, 105 f. 
median fins, 118 f. 
pectoral, 166 f, 168 f. 
pelvic, 193 f. 
skull, 292 f., 405 f. 
vertebral column, 32 f., 118 f. 
acrochordal tissue and cartilage, 239 
acustico-lateral system, 728, 732 
Aetosaurus, pelvic girdle, 202 f. 

skull, 362 f., 363 f. 
air-bladder, 578 

blood-supply of, 510, 583, 587 
development of, 581 
functions of, 585, 593 
homology of, 582 
nerve-supply of, 585 
origin of, 582, 594 
Weber’s apparatus of, 590 
air-sacs, 600 

function of, 601, 607 
ala temporalis, 270 
Albula, heart, 542 f. 
alisphenoid, 437 
Alligator, head, 359 f. 

pelvic girdle, 203 f. 

A llosaurus, pelvic girdle, 209 f. 

Alopias, heart, 542 f. 

Amblystoma, gill-arches, 442 f. 
neural crest, 759 f., 760 f. 
pectoral girdle, 83 f. 
transverse section, 626 f. 
vertebral column, 50 f., 51 {., 52 f. 
Ameiurus, taste-bud system, 731 f. 

Amia, air-bladder, 584 f. 
aortic arches, 516 f. 
embryo skull, 237 f., 238 f., 244 f., 245 f. 
genital ducts, 688 f. 
head, 295 f. 
heart, 542 f. 


A mia—continued 
jaw, 402 f., 403 f. 
lateral line, 739 f., 746 f. 
pelvic, 192 f. 
skeleton, 33 f. 
skull, 293 f., 294 {., 401 f. 
spiracular-neuromast, 757 f. 
tail, 107 f. 

vertebral column, 34 f., 35 ff., 36 f., 37 f. 
Amphioxus, nervous system, etc., 723 f. 

origin of mesoderm, 3 f. 
amphistylic type, 409, 413 
Anas, air-sacs, 603 f. 
heart, 566 f., 567 f. 
lung, 606 f. 
metanephros, 679 f. 
pelvis, 205 f. 

Anguilla, ovary, 703 f. 

pectoral, 169 f. 

A nser, skull, 364 f. 
aortic arches, 510 

branchial supply in Amphibia, 524 
in Dipnoi, 512 
in Selachii, 511 
in Teleostomi, 51 
of Tetrapoda, 521 
Apteryx, pectoral girdle, 182 f. 
pelvis, 204 f. 
skull, 365 f. 

Araeoscelis, skull, 334 f. 

Archaeopteryx, pectoral girdle, 183 f. 
pelvis, 211 f. 

Archaeornis, skull, 361 f., 362 f. 
Archegosaurus, vertebra, 46 f. 
arches, branchial of Pisces, 397 
hyobranchial, 440 

mandibular and hyoid of Pisces, 400 
skeletal visceral, 396 
archinephros, 660 
archipterygium, 145 
arteries of head, 514 

of mandibular and hyoid arches, 516 
artery, carotids, 514, 524, 528, 531 
epibranchial, 514 
nomenclature, 515 
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artery —continued 

pseudobranchial, 516, 521, 529 
pulmonary, 510 
stapedial, 467, 529 
atlas and axis, 66 
autonomic system, 772 
autostylic type, 409 

Baphetes, palate, 300 f. 

Bauria , skull, 474 f. 

Bdellostoma, 492 f. 
gills, 488 f., 493 f. 
heart, mesonephros, etc., 684 f. 
pronephros, 683 f. 
skeleton, 494 f. 

Bombinator, pectoral girdle, 83 f. 
branchiomerism, 489 
Branchiosaurus, skull, 318 f. 
vertebra, 49 f. 

Brontosaurus, pectoral girdle, 178 f. 
Bufo, skull, 480 f. 
bursa omentalis, 622 

Cacops, pectoral girdle, 172 ff. 

pelvic girdle, 195 f. 

Caiman, heart, 568 f. 
hyoid, 445 f. 
skull, 385 f., 386 f. 

Callionymus, tail, 113 f. 
Callorhynchus, pectoral, 151 f. 

skull, etc., 414 f. 

Calyptocephalus, skull, 322 f. 
Camptosaurus, skull, 340 f. 
canal, parabasal, 298, 372 
canal, Vidian, 298, 372 
Canis, skull, 392 f., 438 f. 
Capitosaurus, skull, 431 f. 

Capra, skull, 394 f. 
capsule, auditory, 253 
nasal, 246 

carotid, internal, 514, 528 
external, 524, 531 
Carsosaurus, pectoral girdle, 183 f. 
Casuarius, pelvis, 208 f. 
sternum, 82 f. 

Catostomus, neuromast, 72 7 f. 
Caturus, vertebra, 38 f. 
cavum epiptericum, 267 
Centrophorus , pectoral, 151 f. 
centrum, chordal, 11 
development of, 10 
perichordal, 11 
Cephalaspis, 144 f. 
cephalisation, 214 
Ceratodus, 146 f. 

air-bladder, 579 f., 584 f., 594 f. 
aortic arches, 512 f. 
embryo, hyoid, 419 f. 

skull, 412 ff. 
gills, 499 f. 
heart, 551 f. 
larva/104 f. 


Ceratodus—continued 
lateral line, 741 f., 742 f. 
oviducts, 699 f. 
pectoral girdle, 165 f. 
pelvic girdle, 145 f. 
skill1, 307 f., 308 f.* 
vertebral column, n f., 31 f. 
Ceratosaurus, skull, 340 f. 

Chameleo, lung, 599 f. 
skull, 348 f. 

Champsosaurus, pectoral girdle, 174 
Cheirolepis, skull, 288 f. 
cheiropterygium, 158 

origin of, 161 
Chelone, heart, 555 f. 
hyoid, 445 f. 
pectoral girdle, 173 f. 
skull, 350 f., 390 f., 391 f. 
Chimaera, heart, 542 f. 
pelvic, 157 f., 190 f. 
skeleton, 120 f. 
skull, 400 f. 
vertebral column, 29 f. 
Chlamydoselachus, 25 f. 
aortic arches, 515 f. 
pectoral, 150 f. 
pelvic fin, 25 f. 
chondrocranium, 230 

auditory region, segments of, 223 
basal plate, 239 
elements of, 232 
mammalian, 262 
nerve foramina, 256 
occipital region, 242 
orbito-temporal region, 272 
roof of, 246 

chorda tympani, 462, 483 
chordal cartilage, 13 
Cladodus, pectoral, 150 f. 

Cladoselache, 142 f. 
caudal fin, 102 f. 
fins, 143 f. 

Clidastes, vertebra, 77 f. 
cloaca, 707, 708 
Clupea, pectoral, 170 f. 
tail, 108 f. 

Cobitis, ovary, 703 f. 

Coccosteus, go f. 
coelom, origin of, 715 
pericardial, 613 
subdivision of, 613 
in Aves, 632 
in Mammalia, 643 
in Reptilia, 640 
coelomic septa in Aves, 632 
development of, 636 
Columba, air-sacs, 601 f. 
columella, 455 f. 
hyoid, 446 f. 
skeleton, 181 f. 
skull, 361 f., 362 f. 
urinogenitals, 711 f. 
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columella of Anura, 478 
of Apoda, 482 
of Aves, 455 

of Reptilia, 451, 456, 474 
of Stegocephalia, 483 
of Urodela, 480 
Colymbus, skull, 363 f., 364 f. 
commissure, prefacial, 259 
Conodectes, see Seymouria 
Corvus, septa, 632 f. 

Cottus, tail, no f. 
cranial and spinal nerves, 215 
cranio-quadrate passage, 412 
Creosaurus, skull, 435 f. 

Cricotus, vertebra, 47 f. 

Crocodilus, carotids, 528 f. 
columella, 458 f. 
heart, 554 f., 569 f., 570 f. 
pectoral girdle, 173 f., 177 f. 
pelvic girdle, 204 f. 
septum, 641, 642 f. 
skull, 387 f. 
vertebrae, 60 f., 70 f. 

Crotalus, skull, 349 f. 

Cryptobranchus, heart, 547 f. 
pelvic girdle, 196 f. 
skull, 321 f. 

Cryptocleidus, pectoral girdle, 185 f. 
Ctenodus, skull, 305 f. 

Ctenolabrus, 100 f. 

Cyamodus, skull, 355 f. 

Cyclodus, heart, 553 f. 

Cyclotosaurus, skull, 317 f. 

Cygnus, heart, 562 f. 

Cymbospondylus, vertebra, 77 f. 
Cynognathus, lower jaw, 475 f. 

pectoral girdle, 175 f. 

Cyprinus, ovary, 703 f. 
skull, 299 f. 
skull, etc., 591 f. 

dermal bones of head in Dipnoi, 303 

in Osteichthyes, 283 ; names of, 283 ; 
fundamental plan of, 285 ; rela¬ 
tion to lateral lines, 285 
in Teleostomi, 288 
of skull in Amphibia, 309 
in Amniota, 323 

anapsidan, synapsidan, and diapsi- 
dan types, 323 

Diadcctes, pectoral girdle, 175 f. 
rib, 77 f. 
skull, 432 f. 

Diademodon, skull, 332 f., 370 f., 385 f. 
diaphragm, development of, 643, 652 
phylogeny of, 655 
Dicynodon, lower jaw, 354 f. 
pectoral girdle, 175 f., 176 f. 
skull, 368 ff., 393 f., 43 6 f. 

Didelphys, embryo, lower jaw, 476 f., 477 f. 
pelvic girdle, 199 f. 
sections of head, 378 f., 379 f. 


Dimetrodon, lower jaw, 353 f. 
pectoral girdle, 175 f. 
rib, 77 f. 
skull, 357 f. 
vertebra, 47 f. 

Diplocaulus, skull, 315 f. 
Diplopterus, caudal fin, 103 f. 
diplospondyly, 26 
Dipterus, 104 f. 
lower jaw, 306 f. 
palate, 306 f. 
skull, 304 f., 310 f., 311 f. 
Discoglossus, vertebral column, 53 f. 
Dolichosnma, skeleton, 316 f. 

ear ossicles, of Mammalia, 449, 457 
Echidna , larynx, 447 f. 
pelvic girdle, 199 f. 
section of head, 379 f. 
skull, 269 f. 

Edestosaurus, pectoral girdle, 346 f. 
Egernia, septa, 630 f. 
elastica externa, 9 
interna, 10 

Elonichthys, palate, 300 f. 

Elops, head, 298 f. 
endoskeleton, 2 

Eogyrinus, pectoral girdle, 172 f. 
rib, 76 f. 
vertebra, 48 ff. 

Eosiren, pelvic girdle, 199 f. 
epipterygoid, 402, 428, 430, 437 
Ennaceus, embryo, lower jaw, 466 f. 
skull, 373 f. 

Eryops, epipterygoid, 432 f. 
pectoral girdle, 173 f. 
skull, 313 f., 314 f., 383 f., 384 f. 
vertebra, 47 f. 

Esox, radial, 94 f. 
urinogenitals, 704 f. 
vertebra, 43 f. 

Euparkeria, pectoral girdle, 183 
skull, 361 f., 362 f. 

Eurycormus, vertebra, 38 ff. 
Eustachian tube, 460 
Eusthenopteron, 90 f. 
palate, 300 f. 
pectoral fin, 148 f. 
pectoral girdle, 171 f. 
pelvic, 191 f. 

Euthynotus, vertebra, 38 f. 
excretory duct, primary, 660, 665 
organs, 657 

of Cyclostomata, 672 
segmental tubules, 658 
development of, 659 
phylogeny of, 714 
Eye-muscles, 218, 227 

Eel is, skull, 437 f. 
fenestra basicranialis, 239, 241 
ovalis and cochleae, 254 
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fibrous sheath, 9 
Fierasfer, pectoral, 170 f. 

tail, 113 f. 
fin, caudal, 98 

main types of, 99 

structure, development, and phylo- 
geny of, 100. 
median, 87, 94 

concentration and concrescence in, 
118 

continuity of, 116 
development of, 113 
paired, 123 

comparison with unpaired, 126 
development of, 124 
theories of origin of, 123 
fins, paired, skeleton of, 144 
pectoral of Pisces, 152 
pelvic of Pisces, 158 
foramen hypophyseos, 234, 240 
foramen of Winslow, 624 

Gadus, 127 f. 

aortic arches, 518 f. 
interorbital septum, 238 f. 
lateral line, 733 f. 
skull, 297 f. 
tail, 112 ff. 

Gallus, aortic arches, 525 f. 
cloaca, 708 f. 

development of the heart, 561 f., 564 f., 
565 f- 

development of the lung, 596 f. 
embryo longitudinal section, 621 f. 
pelvic girdle, 207 f. 
transverse sections, 634 f. 
mesoderm, 8 f. 
mesonephros, 675 f., 697 f. 
metanephros, 680 f. 
neural crest, 758 f., 764 f. 
pronephros, 671 f. 
skull, 363 f. 
sternum, 82 f. 

visceral pouches, 460 f., 461 f. 
general cutaneous system, 727, 746 
genital ducts of Gnathostomata, 685 
of Cyclostomata, 707 
gill lamellae, 490 
gill-slits, 486 

development of, 487 
gills, external, 501 
homology of, 504 
of Amphibia, 500 
of Cyclostomata, 493 
of Pisces, 497 

Ginglymostoma, dorsal fin, 117 f. 
Glyptolepis, dorsal fin, 148 f. 

Glyptopomus, 103 f. 

Gomphognathus , skull, 332 f., 369 f. 
Gonatodus, skull, 289 f. 

Grus, heart, 564 f. 

gut, regions of endodermal, 622 


Gymnarchus, larva, 501 f. 

Gyrinophilus, vertebral column, 52 f. 

Halitherium, pelvic girdle, 199 f. 

Head, general morphology of, 213 
segmental theory of, 214 
segments, 217 

of Cyclostomata, 222 
of Selachii, 218 
Heart, chambers of, 538 
of Amniota, 553 
of Anura, 545 
of Aves, 561 
of Crocodilia, 563 
of Cyclostomata, 543 
of Dipnoi, 549 
of Elasmobranchii, 540 
of Mammalia, 565 
of Reptilia, 556 
of Teleostomi, 541 
of Urodela, 547 
origin of, 536 

reptilian and mammalian contrasted, 
572 

Heptanchus, branchial arches, 398 f. 
pelvic, 189 f. 
skull, 410 f. 

Hesperornis, pectoral girdle, 183 f. 
skeleton, 206 f. 
skull, 364 f. 
vertebra, 63 f. 

Heterodontus (Cestracion), pectoral, 15 * f* 
skeleton, 121 f. 
skull, 411 f. 

spiracular neuromast, 756 f. 

Hexanchus, skull, 236 f. 

Homo, auditory.ossicles, 458 f. 
carotids, 531 f. 

embryo cloaca, 709 f., 712 ff., 7*3 
diaphragm, 645 f. 
gut, 608 f. 
lung, 609 f. 
veins, 533 f. 

heart, 571 572 f., 573 574 f* 

Hyloplesion, vertebra, 49 f. 

Hynobius, larva, skull, 424 f* 
hyobranchial apparatus, 440 
hyomandibula, 405, 416 
hyostylic type, 409, 414* 423 
Hypogeophis, embryo, 503 f. 

pronephros, 668 f., 669 f., 670 f. 
Hypsocormus, vertebral column, 40 ff. 

Ichthyophis, embryo, columella, 481 f. 

skull, 323 f. 
ichthyopterygium, 158 
Ichthyornis , vertebra, 63 f. 

Ichthyosaurus , pectoral girdle, 184 f. 
skeleton, 335 f. 
vertebra, 77 f. 

Iguana, pectoral girdle, 173 f., 179 ff. 
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Iguanodon, pelvis, 210 f. 
intercalation and excalation of segments, 
139 

interorbital septum, 257, 386 

jugular canal, 276, 376, 419 

labial cartilages, 448 
Labidosaurus, lower jaw, 353 f. 
pectoral girdle, 175 f. 
skull, 327 f., 328 f. 

Labrus, air-bladder, 589 f. 

rete mirabile, 588 f. 

Lacerta, columella, 453 f., 454 ff. 
embryo, transverse sections, 629 f. 

vertebral column, 61 f. 
gill-arches, 444 f. 
pectoral girdle, 180 f. 
pelvic girdle, 201 f. 
section of head, 266 f., 374 f., 375 f. 
skull, 251 f., 257 f., 260 f., 345 f., 
347 f. 

urinogenitals, 710 f. 

Lamna, vertebral column, 24 f. 

Larus, embryo, pelvic girdle, 207 f. 
larynx, 446 

lateral-line system, 285, 732, 738 
development of, 744 
lateral plate and splanchnocoel, 5 
Lebiasina, air-bladder, 581 f. 

Ltpidosiren, 146 f. 
heart, 548 {., 549 f. 
larva, 502 f. 

pronephros, 663 f., 664 f. 
skull, 309 f. 

Lcpidosteus, aortic arches, 518 f. 
genital ducts, 688 f., 702 f. 
gills, 499 f. 
heart, 543 f. 
pectoral, 167 f. 
skull, 296 f., 301 f. 
skull, etc., 421 f. 
tail, 106 f., 107 f. 
vertebral column, 41 f. 

Leptolepis, 87 f. 

Lepus, skull, 250 f. 
urinogenitals, 712 f. 
vertebral column, 67 f. 

Lestosaurus, pelvic girdle, 346 f. 
limb-girdles, 163 

development, 126, 169, 188 
limbs and fins, paired, 122 
paired, 123 

change of position, 136, by trans¬ 
position, 141 

. origin from lateral folds, 123, 142 
Limnosa, embryo, testis ducts, 692 f. 
Ltmnoscelis, pelvic girdle, 198 f. 
lower jaw in Osteichthyes, 302 
of Reptilia, 354 

Lung and air-sacs, development of, 606, 

639 


lung of Amniota, 598 
of Amphibia, 596 
of Aves, 600 
of Mammalia, 607 
of Reptilia, 599 
origin of, 595 
phylogeny of, 611 
lungless Urodela, 597 

Afachacroprosopus, skull, 360 f. 
Alacrones, Weber’s ossicles, 592 f. 
Alastodonsaurus, pelvic girdle, 194 f. 
Megalichthys , lower jaw, 302 f. 

palatopterygoid, 402 f. 

AI cga lobatrachus, pectoral girdle, 173 f. 
mesentery, 620 
mesoblast, origin of, 3 
Afesodon, 93 f. 

mesonephros and its duct, 666, 680 
Afesosaurus, quadrate, 430 f. 
Afesosuchus, skull, 339 f., 348 f. 
metanephros and its duct, 671, 680 
middle ear, of Amphibia, 478 
of Mammalia, 457 
of Reptilia, 451 
and ear-bones, 449 
Alolge, skull, 320 f. 

Mormosaurus, skull, 330 f. 

Mosasaurus, skeleton, 346 f. 

Alugil, air-bladder, 589 f. 

Mullerian duct, 694 

of Elasmobranchii, 700 
of Teleostoini, 701 
Muraenosaurus, pelvis, 200 f. 

AIus, auditory region, 473 f. 
carotids, 531 f. 

embryo, diaphragm, 646 f., 647 f., 649 f., 
650 f. 

ear-bones, 459 f. 
pericardium, 623 f. 
pectoral girdle and sternum, 187 f. 
muscle, stapedial, 466 
tensor tympani, 466 
Mustelus, gills, 499 f. 
lateral line, 732 f., 737 f. 
skeleton, etc., 397 f. 
vertebra, 26 f. 

Mycterosaurus, skull, 334 f. 
myodome, 279 
myotome and myocoel, 5 
Alyxinc, 492 f. 

caudal fin and cloaca, 96 f. 
gills, 488 £., 493 f. 
pronephros, etc., 682 f. 

Alyxosaurus, skull, 336 f. 

Naosaurus, vertebra, 61 f. 

Necturus, larva, skull, 426 f. 
sternum, 84 f. 
vertebrae, 79 f. 

Nematoptychins, palate, 301 f. 
nephric folds, 631, 647 


INDEX 


834 

nephridia, 717 
nephrocoelostome, 659 
nephrotome, 6 

and nephrocoele, 660 
nerve, branchial, 747 
components, 725 
spinal, 747 
vagus, 754 

morphology of, 767 
nerve-plexus, 133 
nerves, cranial, 750 

development of, 760 
dorsal root, 721 
peripheral, 721 
ventral root, 721 
nervous system, 720 
sympathetic, 770 
neural spines, 87 
neuromast, 728, 732 
neuron, 721 

Nothosaurus, pectoral girdle, 185 f. 
Notidanus, dorsal fin, 117 f. 
notochord, 7 
notochordal sheaths, 9 
invasion of, 9 
Nyctosaurus, skull, 342 f. 

oblique septum, 633 
occipital joint, position of, 67 
region, nerves of, 216, 226 
segments of, 225 

Ophiacodon, pectoral girdle, 171 f. 
pelvic girdle, 198 f. 
vertebral column, 57 f., 69 f. 
orbital cartilage, 244 
organ of Jacobson, 367 
Ornithorhynchus, pectoral girdle, 175, 
186 f. 

skull, 376 f., 377 f. 

Ornithosuchus, pelvis, 211 f. 
skull, 365 f. 

Orthosaurus, skull, 311 f., 384 f. 
Osteolepis, 103 f. 

skull, 286 f., 310 f., 383 f. 

Osteorhachis, vertebra, 39 f. 
otic bones, 376 
oviduct, 694 

Pachycortnus, tail, no f. 

PalaeogyrinuSy pterygoid, 431 f. 

skull, 310 f., 311 f., 383 f. 

Palaeoniscus, skull, 289 f. 
palate, false, of Crocodilia, 357 
of Mammalia, 364 
in Stegocephalia, 317 
in Teleostomi, 297 
of Reptilia, 356 

palatoquadrate, connexions of, 407, 410, 
4 i 5 , 421 
of Pisces, 401 
of Tetrapoda, 423 
parachordal, 239 


Paradoxurus, skull, 477 f. 

Paramyxine, gills, 493 f. 

Passer , heart of, 567 f., 568 f. 
palate, 366 f. 

transverse sections, 635 f., 636 f., 
637 f. 

pectoral girdle, dermal, 164, 165, 171 
endoskeletal, 163 
of Pisces, 164 
of Tetrapoda, 171 
Pelagosaurus, skull, 361 f. 

Perameles , embryo, lower jaw, 475 f. 

section of head, 265 f. 

Perea , interorbital septum, 238 f. 
lateral line, 734 f. 
skeleton, 128 f. 

Pericardial coelom, pericardium, 536 
and pericardium, 613 
pericardio-peritoneal passages, 618, 645 
peritoneal funnel, 658 
Petrotnyzon, 492 f. 
caudal, 96 f., 97 f. 
embryo, head segments, 762 f. 
fin and cloaca, 95 f. 
head nerves, etc., 769 f. 
kidney, 681 f. 
larva, 496 f., 497 f., 498 f. 
longitudinal section, 495 f. 
notochord, 9 f. 
vertebral column, 28 f. 

Phaneropleuron, 105 f. 

Phasianus, skull, 363 f. 
phrenic nerve, 646 
pila antotica, 244, 259 
pituitary region, 214, 234, 239, 263 
Placochelys, skull, 333 f. 
placodes, dorso-lateral and epibranchial, 
760 

Placodus, skull, 333 f. 

Platecarpus, skull, 346 f- 
Plesiosaurus , pectoral girdle, 185 f. 

skull, 356 f. 

Pleuracanthus, 91 f. 
anal fins, 119!. 
jaws, 403 f. 
pectoral fin, 147 f. 
pelvic, 155 f., 19° *• 
pleural cavities in Aves, 633, 638 
in Crocodilia, 641 
in Mammalia, 647 
Pleuronectes, caudal fin, 99 f. 
pleuro-pericardial membrane, 644 
pleuro-peritoneal membrane, 647 
Pleurosaurus, skull, 334 f. 
pleurosphenoid, 393 
polar cartilage, 237 

Policipes, embryo, pelvic girdle, 207 f. 
Polycotylus, vertebra, 58 f. 

Polyodon, pelvic, 154 f. 
skull, etc., 404 f. 

Polypterus, air-bladder, 579 f., 584 f* 
genital ducts, 687 f., 688 f., 702 f. 
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Polypterus—continued 
gills, 499 f. 
head, 291 f. 
lower jaw, etc., 406 f. 
pectoral, 153 f., 154 f., 165 f. 
pelvic, 191 f. 
pronephros, 667 ff. 
skull, 290 f. 
tail, 106 f. 

vertebral column, 72 f. 
pores, abdominal, 714 

urinary and genital, 704, 708 
post-hepatic septum, 633, 639, 641 
proatlas, 68 
Procavia, skull, 394 f. 

Procellaria, sternum, 82 f. 
pronephric duct, 665 
pronephros, 661, 680 
Proteus , pelvic girdle, 196 f. 
Protopterus, 146 f. 
air-bladder, 583 f. 
aortic arches, 513 f. 
genital ducts, 687 f., 688 f. 
heart, 550 f., 552 f. 
larva, kidney, 666 f. 
lateral line, 743 f. 
pelvic, 193 f. 
skeleton, 88 f. 
vertebral column, 11 f. 
pseudobranch, 517, 519 
Pseudophycis, air-bladder, 590. f. 
Pterois, pectoral, 168 f. 

Pteroplatea, lateral line, 738 f. 
pterosphenoid, 380 
pterygoids of mammal, 370 
pulmonary aponeurosis, 633 
folds and recesses, 624 
Python, heart, 557 f. 
skull, 349 f. 
vertebra, 59 f. 

radial muscle, 92 
radial, origin of, 89 
radials of paired fins, 144 
Raja, median fins, 122 f. 
pectoral, 164 f. 
pelvic, 156 f. 
skeleton, 152 f. 
skull, etc., 399 f. 
vertebra, 24 f. 

Rana, auditory capsule, 255 f. 
development of ganglia, 763 f. 
of heart, 537 f. 
of Mullerian duct, 696 f. 
of sympathetic, 781 f. 
gill-arches, 443 f. 

gills, development of, 523 f., 524 f. 
heart, 544 f., 54 6 f. 
mesoderm, 4 f. 
mesonephros, 674 f. 

pectoral girdle, 83 f., 173 f. 
pelvic, 197 f. 


Rana—continued 
skull, 479 f. 

section, 484 f., 485 f. 
young, skull, 424 f. 

Ranodon, vertebral column, 52 f. 
respiration, of Amphibia, 597 
of Aves, 601, 605, 607 
of Reptilia, 599 
Rhamphorhynchus, skull, 365 f. 

Rhea, pelvis, 208 f. 

Rhina, vertebral column, 24 f. 
Rhinobatus, vertebra, 24 f. 

Rhizodopsis, skull, 287 f. 

Rhodeus, air-bladder, 580 f. 
Rhynchobatus, dorsal fin, 117 f. 
rib, bicipital, 75 

dorsal and pleural, 71 
in Pisces, 72 
in Tetrapoda, 75 

Sagenodus, skull, 305 f. 

Salamandra, gill-arches, 442 f. 
larva, section of skull, 425 f., 426 f. 
skull, 248 f., 249 {., 256 f. 
transverse section, 625 f., 626 f. 
Salamandrina, vertebral column, 52 f. 
Salmo, embryo, skull, 239 f., 240 f 
242 f., 281 f., 282 f. 
genital pores, 687 f. 
gills, 529 {., 499 f. 
heart, 542 f. 
pectoral, 165 f. 
pelvic, 192 f. 
pseudobranch, 519 f. 
skull, 74 f., 278 {., 279 f., 280 f. 

and arches, 407 f., 408 f. 
tail, 109 f. 

vertebral column, 12 f., 44 f., 74 f. 
oauranodon, skull, 334 f. 

Scaphirhynchus, pelvic, 193 f. 
Scaphognathus, skull, 341 f., 364 f. 
Scaumenacia, 105 f. 
skull, 304 f. 

sclerotome and sclerocoel, 5 
Scyllium, ampullae, 735 f. 

deVe 7°8oT nt ° f Sympathetic » 779 

embryo, gills, 489 f., 490 ff. 

head 219 ff 220 ff., 224 f., 225 f. 
longitudinal section, 15 f. 
median fin, 114 ff., II5 ff * Il6 u 
mesoderm, 4 f. 
myotomes, etc., 16 f., 17 f. 
notochord, 10 f. 
pectoral fin, 125 f. 
pelvic fin, 126 f. 

Pronephros, 660 f., 661 f. 
section of head, 215 f. 
transverse section, 14 f. f 18 f., 22 f. 
transverse septurn, etc., 615 ff., 616 f., 
017 f., 618 f. 

vertebral column, 19 f., 2 o f. 
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S cy Ilium—continued 
fins, 131 f. 

mesonephros, etc., 672 f., 673 f. 
pericardio-peritoneal canals, 619 f. 
skull, 410 f. 
spiracle, 755 f. 
urinogenitals, 689 i. 

Scymnosuchus, lower jaw, 474 f. 
Scymnus, pectoral, 151 f. 
segmentation, 1 
septum transversum, 613, 643 
development of 614 

Seymouria (Conodectes), pectoral girdle, 
172 f. 

pelvic girdle, 195 f. 
skeleton, 325 f. 
skull, 326 f., 355 f. 
vertebrae, 54 f. 

Siphonops, embryo, columella, 483 f. 
Skull, chondrocranium, 230 
dermal bones of, 283 
endochondral ossifications of, 373 
amphistylic type, 409, 413 
autostylic type, 409 
in Amphibia, 389 
in Aves, 393 
in Osteichthyes, 373 
in Mammalia, 393 
in Reptilia, 391 
hyostylic type, 409, 414, 423 
monimostylic, streptostylic, kinetic, 

432 

platybasic, 235 
tropibasic, 235 
vertebral theory of, 214 
somite, 5 

Spelerpes, gill-arches, 442 f. 

Sphenacodon, skull, 329 f. 

Sphenodon, development of skull, 427 f. 
nerves, etc., 754 f. 
pectoral girdle, 173 f. 
pelvic girdle, 201 f. 
skull, 338 f., 364 f. 
vertebrae, 59 f., 69 f. 
sphenoid bones, 378, 382, 388, 392, 
395 

Spinax, lateral line, 745 f. 

visceral skeleton, 397 f. 
spines, neural, supra-neural, and infra- 
haemal, 88 

spiracular gill-slit, 755 
sense organ, 755 
Squaloraja, vertebra, 30 f. 

Squalus, development of nerves, 761 f. 
embryo, head, 236 f. 
eye-muscles, 228 f. 
heart, 540 f., 541 f. 
mesonephros, 677 f., 678 f. 
pelvic, 155 f. 

pericardio-peritoneal canals, 619 f. 
vertebral column, 21 f., 23 f., 27 f. 
Stegosaurus , pelvis, 210 f. 


sternum, 81 

development and phylogeny, 84 
Struthio, pectoral girdle, 178 f. 
pelvis, 208 f. 
vertebra, 64 f. 

Sus, embryo, diaphragm, 643 f., 644 f., 
6 52 f., 653 f., 654 f. 
nerves, 753 f., 768 f. 

Symmorium, pectoral, 150 f. 
sympathetic, dorsal, and ventral root 
systems, 784 
system, 770 

development and phylogeny of, 779 

taste-bud system, 728, 730 
Tatusia, embryo, skull, 457 f. 

Testudo, section, 640 f. 

ThalattosauruSy skull, 337 f. 

Thrinaxodon, skull, 331 f. 

Thylacinus, skull, 439 f., 440 f. 

Thynnus, tail, m f. 
vertebra, 42 f. 

Torpedo, embryo, section of head, 214 f. 
fins, 137 f. 
head, 8 f. 
neural crest, 758 f. 
pronephros, 665 f. 
trabeculae, 234, 262 
Trachodon, skull, 341 f. 
transposition of limbs, etc., 141 
Trematosaurus, skull, 312 f. 

Triassochelys , pectoral girdle, 177 f. 

skull, 351 f., 352 f., 358 f. 

Trichosurus, embryo, diaphragm, 649 f. 
skull, etc., 462 f., 463 ff. 
vertebral column, 65 f., 68 f. 
pectoral girdle, 186 ff. 
skull, 252 f. 

trigemino-facialis chamber, 273 
Trigla, tail, 108 f. 

T rimer or hachis, vertebra, 47 f. 

Trionyx, skull, 351 f. 

Triton, embryo, gills, 596 f. 
gill-arches, 442 f. 
larva, 503 f. 

skull, 247 f. 
mesoderm, 4 f. 
urinogenitals, 690 f. 

Tropidonotus, carotids, 527 f. 
trunk segment, 15 
Tupinambis, skull, 389 f. 

Turdus, sternum, 82 f. 

Tylototriton, skull, 319 f. 
tympanic bone, 477 
tympanum, 460, 477, 478, 484 

Undina, 92 f. 

Uronetnus, 105 f. 

Varanus, heart, 556 f. 

skull, 343 344 f-, 348 f. 

vascular system, general plan of, 506 
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vein, jugular, 532 
veins of head, 532 
vena capitis lateralis, 467, 483, 533 
medialis, 532 

vertebra, caudal, in Lacertilia, 62 
four-paired elements of, 17, 44 
phylogenetic significance of, 66 
relation to somites and sclerotomes, 15 
54 

structure and calcification in Selachii, 
17 , 19, 29 

vertebral column, 13 
Amniota, 54 
Cyclostomata, 27 
Dipnoi, 31 
Holocephali, 29 
modern Amphibia, 50 


vertebral column —continued 
of Selachii, 14 
Stegocephalia, 46 
Teleostomi, 31 
Tetrapoda, 45 

visceral clefts or gill-slits, 486 
skeletal arches, 396. See Arches 
vomer of mammal, and prevomer, 366 
Vultur, sternum, 82 f. 

Xenopus, pelvic girdle, 197 f. 
Xenorhynchus , skull, 363 f. 

Youngina, skull, 337 f., 34 g f. 

Zygaena , dorsal fin, 117 f. 


THE END 
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dispensable part of library of every scientist. Total of xli + 787 pp 

60595-7, 60596-5 Two volumes, Paperbound $5.00 

INTOOOUCTIQM TO Experimental Physics, William B. Fretter. Detailed cover- 

rectifi/ techn ‘^ U f 30(1 e< 3 ul P me nt: measurements, vacuum tubes, pulse circuits 
rhamh ’ SC,Uat0rs ’ magnet des, S n > particle counters, nuclear emulsions cloud 

temperature aC «c er One’ fT'TT^ magnetic resonan ". *-«y diffraction, low 
temperature, etc. One of few books to cover laboratory hazards, design of explora- 

tory experiments, measurements. 298 figures, xii + 349 pp . P 

(EUK) 61890-0 Paperbound $2 .50 

Concepts and Methods of Theoreticai Puvorc *. u T . , 

ica^conrems‘Id Ct ^ PhyS ' CS ’ em P hasiz ‘ n 8 development of^hys-' 

r!lof LEME ^ TARY Treat,se on Theoretical Mechanics, Sir James leans 

rest mo f ent ‘ fiC f eXPOS,t ° r m rCmarkabl> ' Clear P resen, ation of basic classical material- 
rest, motion, forces acting on particle, statics, motion of particle under variable 

mentalThisV f bodles > coordinat «. etc. Emphasizes explanation of fundl 
Drohle physical P nnc ‘P les ra( her than mathematics or applications. Hundreds of 
problems worked m text. 156 figures, x + 364pp. 61839-0 Paperbound S2.50 

feeDhS TI Am L p ME r P AN,CS: A * Introduction to Mathematical Physics 

giants ■■ SrTnnT c , thnU to read a £ ain the original papers by these 

Science and Mathematics . Translated by W Perret and G R 

Jeffery. Notes by A. Sommerfeld. 7 diagrams, viii + 2l6pp 

60081-5 Paperbound $2.00 
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Mathematical Foundations of Statistical Mechanics, A. I Khinchin 
Introduction to modern statistical mechanics: phase space, ergodic problems, theory 
of probability, central limit theorem, ideal monatomic gas, foundation of thermo¬ 
dynamics, dispersion and distribution of sum functions. Provides mathematically 
rigorous treatment and excellent analytical tools. Translated by George Gamow 

vm + 179 pp. 60147-1 Paperbound $2.00 

I NTR OD uc TloN TO Physical Statistics, Robert B. Lindsay. Elementary prob¬ 
ability theory, laws of thermodynamics, classical Maxwell-Boltzmann statistics, 
classical statistical mechanics, quantum mechanics, other areas of physics that can 
be studied statistically. Full coverage of methods; basic background theory, ix 
-f- 306 pp. 61882 -X Paperbound $ 2.75 

Dialogues Concerning Two New Sciences, Galileo Galilei. Written near the 
end of Galileo s life and encompassing 30 years of experiment and thought, these 
dialogues deal with geometric demonstrations of fracture of solid bodies, cohesion, 
leverage, speed of light and sound, pendulums, falling bodies, accelerated motion, 
etc. Translated by Henry Crew and Alfonso de Salvio. Introduction by Antonio 
Favaro. xxiii -f- 300 pp. 60099-8 Paperbound $ 2.25 


Foundations of Science: The Philosophy of Theory and Experiment, 
Norman R. Campbell. Fundamental concepts of science examined on middle level: 
acceptance of propositions and axioms, presuppositions of scientific thought, scien¬ 
tific law, multiplication of probabilities, nature of experiment, application of math¬ 
ematics, measurement, numerical laws and theories, error, etc. Stress on physics, 
but holds for other sciences. "Unreservedly recommended,” Nature (England). 
Formerly Physics: The Elements, ix -f 565 pp. 60372-5 Paperbound $ 4.00 


The Phase Rule and Its Applications, Alexander Findlay, A. N. Campbell 
and N. O. Smith. Findlay's well-known classic, updated ( 1951 ). Full standard 
text and thorough reference, particularly useful for graduate students. Covers 
chemical phenomena of one, two, three, four and multiple component systems. 

Should rank as the standard work in English on the subject,” Nature. 236 figures, 
xii -f 494 pp. 60091-2 Paperbound $ 3.50 

Thermodynamics, Enrico Fermi. A classic of modern science. Clear, organized 
treatment of systems, first and second laws, entropy, thermodynamic potentials, 
gaseous reactions, dilute solutions, entropy constant. No math beyond calculus is 
needed, but readers are assumed to be familiar with fundamentals of thermometry, 
calorimetry. 22 illustrations. 25 problems, x 4 - 160 pp. 

60361 -X Paperbound $ 2.00 

Treatise on Thermodynamics, Max Planck. Classic, still recognized as one of 
the best introductions to thermodynamics. Based on Planck’s original papers, it 
presents a concise and logical view of the entire field, building physical and 
chemical laws from basic empirical facts. Planck considers fundamental definitions, 
first and second principles of thermodynamics, and applications to special states 
of equilibrium. Numerous worked examples. Translated by Alexander Ogg. 5 
figures, xiv -f- 297 pp. 60219-2 Paperbound $ 2.50 



CATALOGUE OF DOVER BOOKS 


Einstein’s Theory of Relativity, Max Born. Relativity theory analyzed, ex¬ 
plained for intelligent layman or student with some physical, mathematical back- 
groqnd. Includes Lorentz, Minkowski, and others. Excellent verbal account for 
teachers. Generally considered the finest non-technical account, vii -f- 376 pp. 

60769-0 Paperbound $ 2.50 


Physical Principles of the Quantum Theory, Werner Heisenberg. Nobel 
Laureate discusses quantum theory, uncertainty principle, wave mechanics, work 
of Dirac, Schroedinger, Compton, Wilson, Einstein, etc. Middle, non-mathe- 
matical level for physicist, chemist not specializing in quantum; mathematical 
appendix for specialists. Translated by C. Eckart and F. Hoyt. 19 figures, viii 
“f- 184 pp. 60113-7 Paperbound $2.00 

Principles of Quantum Mechanics, William V. Houston. For student with 
working knowledge of elementary mathematical physics; uses Schroedinger's wave 
mechanics. Evidence for quantum theory, postulates of quantum mechanics, appli¬ 
cations in spectroscopy, collision problems, electrons, similar topics. 21 figures. 
288 pp. 60524-8 Paperbound S3.00 

Atomic Spectra and Atomic Structure, Gerhard Herzberg. One of the best 
introductions to atomic spectra and their relationship to structure; especially suited 
to specialists in other fields who require a comprehensive basic knowledge. Treat¬ 
ment is physical rather than mathematical. 2 nd edition. Translated by J. W. T. 
Spinks. 80 illustrations, xiv + 257 pp. 60115-3 Paperbound $2.00 


Atomic Physics: An Atomic Description of Physical Phenomena, Gaylord 
P. Harnwell and ^X^illiam E. Stephens. One of the best introductions to modern 
quantum ideas. Emphasis on the extension of classical physics into the realms of 
atomic phenomena and the evolution of quantum concepts. 156 problems. 173 
figures and tables, xi + 401 pp. 61584-7 Paperbound $ 2.50 


Atoms, Molecules and Quanta, Arthur E. Ruark and Harold C. Urey. 1964 
edition of work that has been a favorite of students and teachers for 30 years. 
Origins and major experimental data of quantum theory, development of concepts 
of atomic and molecular structure prior to new mechanics, laws and basic ideas 
of quantum mechanics, wave mechanics, matrix mechanics, general theory of 
quantum dynamics. Very thorough, lucid presentation for advanced students. 230 
figures. Total of xxiii -f- 810 pp. 

61106 -X, 61107-8 Two volumes, Paperbound $6.00 


Investigations on the Theory of the Brownian Movement Albert Ein 
stein. Five papers ( 1905 - 1908 ) investigating the dynamics of Brownian motion 
and evolving an elementary theory of interest to mathematicians, chemists and 
physical scientists. Notes by R. Fiirth, the editor, discuss the history of study of 
Brownian movement, elucidate the text and analyze the significance of the papers. 
Translated by A. D. Cowper. 3 figures, iv -f 122pp. 

60304-0 Paperbound $ 1.50 
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Microscopy for Chemists, Harold F. Schaeffer. Thorough text; operation of 
microscope, optics, photomicrographs, hot stage, polarized light, chemical pro¬ 
cedures for organic and inorganic reactions. 32 specific experiments cover specific 
analyses: industrial, metals, other important subjects. 136 figures. 264 pp. 

61682-7 Paperbound $ 2.50 

The Electronic Theory of Acids and Bases, by William F. Luder and Saverio 
Zuffanti. Full, newly revised ( 1961 ) presentation of a still controversial theory. 
Historical background, atomic orbitals and valence, electrophilic and electrodotic 
reagents, acidic and basic radicals, titrations, displacement, acid catalysis, etc., are 
discussed, xi -f 165 pp. 60201 -X Paperbound $2.00 

Opticks, Sir Isaac Newton. A survey of 18 th-century knowledge on all aspects 
of light as well as a description of Newton’s experiments with spectroscopy, colors, 
lenses, reflection, refraction, theory of waves, etc. in language the layman can 
follow. Foreword by Albert Einstein. Introduction by Sir Edmund Whittaker. 
Preface by I. Bernard Cohen, cxxvi 406 pp. 60205-2 Paperbound $ 3.50 

Light: Principles and Experiments, George S. Monk. Thorough coverage, for 
student with background in physics and math, of physical and geometric optics. 
Also includes 23 experiments on optical systems, instruments, etc. 'Probably the 
best intermediate text on optics in the English language,” Physics Forum. 275 
figures, xi -f- 489 pp. 60341-5 Paperbound $ 3.50 

Piezoelectricity: An Introduction to the Theory and Applications of 
Electromechanical Phenomena in Crystals, Walter G. Cady. Revised 1963 
edition of most complete, most systematic coverage of field. Fundamental theory 
of crystal electricity, concepts of piezoelectricity, including comparisons of various 
current theories; resonators; oscillators; properties, etc., of Rochelle salt; ferro¬ 
electric crystals; applications; pyroelectricity, similar topics. "A great work,’ 
Nature. Many illustrations. Total of xxx -f- 840 pp. 

61094 - 2 , 61095-0 Two volumes, Paperbound $ 6.00 

Physical Optics, Robert W. Wood. A classic in the field, this is a valuable 
source for students of physical optics and excellent background material for a 
study of electromagnetic theory. Partial contents: nature and rectilinear propaga¬ 
tion of light, reflection from plane and curved surfaces, refraction, absorption and 
dispersion, origin of spectra, interference, diffraction, polarization, Raman effect, 
optical properties of metals, resonance radiation and fluorescence of atoms, magneto¬ 
optics, electro-optics, thermal radiation. 462 diagrams, 17 plates, xvi -f“ 846 pp. 

61808-0 Paperbound $ 4.25 

Mirrors, Prisms and Lenses: A Textbook of Geometrical Optics, James 
P. C. Southall. Introductory-level account of modern optical instrument theory, 
covering unusually wide range: lights and shadows, reflection of light and plane 
mirrors, refraction, astigmatic lenses, compound systems, aperture and field of 
optical system, the eye, dispersion and achromatism, rays of finite slope, the micro¬ 
scope, much more. Strong emphasis on earlier, elementary portions of field, utiliz¬ 
ing simplest mathematics wherever possible. Problems. 329 figures, xxiv + 
806 pp. 61234-1 Paperbound $ 3.75 
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The Theory of Sound, J. W. S. Rayleigh. Still valuable classic by the great 
Nobel Laureate. Standard compendium summing up previous research and Ray¬ 
leigh's original contributions. Covers harmonic vibrations, vibrating systems, vibra¬ 
tions of strings, membranes, plates, curved shells, tubes, solid bodies, refraction of 
plane waves, general equations. New historical introduction and bibliography by 
R. B. Lindsay, Brown University. 97 figures, lviii -j- 984 pp. 

60292 - 3 , 60293-1 Two volumes, Paperbound $6.00 

Electromagnetic Theory: A Critical Examination of Fundamentals, 
Alfred O'Rahilly. Critical analysis and restructuring of the basic theories and 
ideas of classical electromagnetics. Analysis is carried out through study of the 
primary treatises of Maxwell, Lorentz, Einstein, Weyl, etc., which established the 
theory. Expansive reference to and direct quotation from these treatises. Formerly 
Electromagnetics. Total of xvii -f- 884 pp. 

60126 - 9 , 60127-7 Two volumes, Paperbound $ 4.50 

Elementary Concepts of Topology, Paul Alexandroff. Elegent, intuitive ap¬ 
proach to topology, from the basic concepts of set-theoretic topology to the concept 
of Betti groups. Stresses concepts of complex, cycle and homology. Shows how 
concepts of topology are useful in math and physics. Introduction by David Hilbert. 
Translated by Alan E. Farley. 25 figures, iv -f 57pp. 

60747 -X Paperbound $ 1.25 

The Elements of Non-Euclidean Geometry, Duncan M. Y. Sommerville. 
Presentation of the development of non-Euclidean geometry in logical order from 
a fundamental analysis of the concept of parallelism to such advanced topics as 
inversion, transformations, pseudosphere, geodesic representation, relation between 
parataxy and parallelism, etc. Knowledge of only high-school algebra and geometry 
is presupposed. 126 problems, 129 figures, xvi -f- 274 pp. 

60460-8 Paperbound $2.00 


Non-Euclidean Geometry: A Critical and Historical Study of Its Devel- 
opment, Roberto Bonoia. Standard survey, clear, penetrating, discussing many 
systems not usually represented in general studies. Easily followed by non- 
specialist. Translated by H Carslaw. Bound in are two most important texts: 
Bolyais The Science of Absolute Space" and Lobachevskis "The Theory of 
Parallels,” translated by G. B. Halsted. Introduction by F. Enriques. 181 dia¬ 
grams. Total of 431 pp. 60027-0 Paperbound $2.75 


Elements of Number Theory, Ivan M. Vinogradov. By stressing demonstra¬ 
tions and problems, this modern text can be understood by students without ad 
vanced math backgrounds. "A very welcome addition," Bulletin, American Mathe- 
mama 1 Society Translated by Saul Kravetz. Over 200 fully-worked problems 
100 numerical exercises, viii + 227 pp. 60259-1 Paperbound $2 50 


Theory of Sets, E. Kamke. Lucid introduction to theory of sets, surveying dis- 
X r,e f Cantor, Russell, Weierstrass, Zermelo, Bernstein, Dedekind, etc. Knowl- 
edge of college algebra is sufficient background. "Exceptionally well written " 
School Science and Mathematics. Translated by Frederick Bagemihl. vii + 144pp. 

60141-2 Paperbound $1.75 
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The Psychology of Invention in the Mathematical Field, Jacques Hada- 
mard. Important French mathematician examines psychological origin of ideas, 
role of the unconscious, importance of visualization, etc. Based on own experi¬ 
ences and reports by Dalton, Pascal, Descartes, Einstein, Poincar6, Helmholtz, etc. 
xiii + 145 pp. 20107-4 Paperbound $ 1.50 

Introduction to Chemical Physics, John C. Slater. A work intended to bridge 
the gap between chemistry and physics. Text divided into three parts: Thermo¬ 
dynamics, Statistical Mechanics, and Kinetic Theory; Gases, Liquids and Solids; 
and Atoms, Molecules and the Structure of Matter, which form the basis of the 
approach. Level is advanced undergraduate to graduate, but theoretical physics 
held to minimum. 40 tables, 118 figures, xiv + 522 pp. 

62562-1 Paperbound $ 4.00 

Polar Molecules, Pieter Debye. Explains some of the Nobel Laureate’s most 
important theories on dielectrics, including fundamental electrostatic field relations, 
polarization and molecular structure, measurements of polarity, constitution of 
simple polar molecules, anomalous dispersion for radio frequencies, electrical 
saturation effects, connections with quantum theory, energy levels and wave me¬ 
chanics, rotating molecules. 33 figures. 172 pp. 60064-5 Paperbound $2.00 


The Continuum and Other Types of Serial Order, Edward V. Huntington. 
Highly respected systematic account of modern theory of the continuum as a type 
of serial order. Based on the Dedekind-Cantor ordinal theory. Mathematics held 
to an elementary level, vii -f- 82 pp. 60130-7 Paperbound $ 1.00 


Contributions to the Founding of the Theory of Transfinite Numbers, 
Georg Cantor. The famous articles of 1895-1897 which founded a new branch of 
mathematics, translated with 82 -page introduction by P. Jourdain. Not only a 
great classic but still one of the best introductions for the student, ix -f- 211pp. 

60045-9 Paperbound $ 2.00 

Essays on the Theory of Numbers, Richard Dedekind. Two classic essays, 
on the theory of irrationals, giving an arithmetic and rigorous foundation; and on 
transfinite numbers and properties of natural numbers. Translated by W. W. 
Beman. iii -j- 115 pp. 21010-3 Paperbound $ 1.50 

Geometry of Four Dimensions, H. P. Manning. Part verbal, part mathematical 
development of fourth dimensional geometry. Historical introduction. Detailed 
treatment is by synthetic method, approaching subject through Euclidean geometry. 
No knowledge of higher mathematics necessary. 76 figures, ix -j- 348 pp. 

60182 -X Paperbound $ 3.00 

An Introduction to the Geometry of N Dimensions, Duncan M. Y. Som- 
merville. The only work in English devoted to higher-dimensional geometry. Both 
metric and projective properties of n-dimensional geometry are covered. Covers 
fundamental ideas of incidence, parallelism, perpendicularity, angles between linear 
space, enumerative geometry, analytical geometry, polytopes, analysis situs, hyper- 
spacial figures. 60 diagrams, xvii -j- 196 pp. 60494-2 Paperbound $ 1.50 
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A Treatise on the Differential Geometry of Curves and Surfaces, Luther 
P. Eisenhart. Detailed, concrete introductory treatise on differential geometry, de¬ 
veloped from author’s graduate courses at Princeton University. Thorough explana¬ 
tion of the geometry of curves and surfaces, concentrating on problems most helpful 
to students. 683 problems, 30 diagrams, xiv -|- 474 pp. 

60667-8 Paperbound $ 2.75 

An Essay on the Foundations of Geometry, Bertrand Russell. A mathe¬ 
matical and physical analysis of the place of the a priori in geometric knowledge. 
Includes critical review of 19 th-century work in non-Euclidean geometry as well 
as illuminating insights of one of the great minds of our time. New foreword by 
Morris Kline, xx + 201 pp. 60233-8 Paperbound $ 2.00 

Introduction to the Theory of Numbers, Leonard E. Dickson. Thorough, 
comprehensive approach with adequate coverage of classical literature, yet simple 
enough for beginners. Divisibility, congruences, quadratic residues, binary quad¬ 
ratic forms, primes, least residues, Fermat’s theorem, Gauss’s lemma, and other 
important topics. 249 problems, 1 figure, viii -f 183 pp. 

60342-3 Paperbound $2.00 

An Elementary Introduction to the Theory of Probability, B. V. 
Gnedenko and A. Ya. Khinchin. Introduction to facts and principles of probability 
theory. Extremely thorough within its range. Mathematics employed held to 
elementary level. Excellent, highly accurate layman’s introduction. Translated from 
the fifth Russian edition by Leo Y. Boron, xii -f- 130 pp. 

60155-2 Paperbound $ 1.75 

Selected Papers on Noise and Stochastic Processes, edited by Nelson Wax. 
Six papers which serve as an introduction to advanced noise theory and fluctua¬ 
tion phenomena, or as a reference tool for electrical engineers whose work involves 
noise characteristics. Brownian motion, statistical mechanics. Papers are by Chan¬ 
drasekhar, Doob, Kac, Ming, Ornstein, Rice, and Uhlenbeck. Exact facsimile of 
the papers as they appeared in scientific journals. 19 figures, v -f- 337pp. 6 l /g x 9 %. 

60262-1 Paperbound $3.00 


Statistics Manual, Edwin L. Crow, Frances A. Davis and Margaret W. Maxfield. 
Comprehensive, practical collection of classical and modern methods of making 
statistical inferences, prepared by U. S. Naval Ordnance Test Station. Formulae, 
explanations, methods of application are given, with stress on use. Basic knowledge 
of statistics is assumed. 21 tables, 11 charts, 95 illustrations, xvii + 288 pp. 

60599 -X Paperbound $2.00 


Mathematical Foundations of Information Theory, A. I. Khinchin Com¬ 
prehensive introduction to work of Shannon, McMillan, Feinstein and Khinchin 

- hese f n y®?? lgatl0ns ° n a r, S orous mathematical basis. Covers entropy 
sourrf P ^ obablllt y theor >> uniqueness theorem, Shannon’s inequality, ergodic 

Sh/nn ’ h k e ? prc f erty ’ martingale concept, noise, Feinstein’s fundamental lemma, 
bh^on s first and second theorems. Translated by R. A. Silverman and M. D. 
Friedman, m + 120pp. 60434-9 Paperbound $1J5 
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Introduction to Symbolic Logic and Its Application, Rudolf Carnap. Clear, 
comprehensive, rigorous introduction. Analysis of several logical languages. In¬ 
vestigation of applications to physics, mathematics, similar areas. Translated by 
Wiliam H. Meyer and John Wilkinson, xiv -f- 214 pp. 

60453-5 Paperbound $ 2.25 

Symbolic Logic, Clarence I. Lewis and Cooper H. Langford. Probably the most 
cited book in the literature, with much material not otherwise obtainable. Para¬ 
doxes, logic of extensions and intensions, converse substitution, matrix system, 
strict limitations, existence of terms, truth value systems, similar material, vii -f- 
518 pp. 60170-6 Paperbound $ 2.75 

Vector and Tensor Analysis, George E. Hay. Clear introduction; starts with 
simple definitions, finishes with mastery of oriented Cartesian vectors, Christoffel 
symbols, solenoidal tensors, and applications. Many worked problems show appli¬ 
cations. 66 figures, viii + 193 pp. 60109-9 Paperbound $ 2.00 

Guide to the Literature of Mathematics and Physics, Including Related 
Works on Engineering Science, Nathan Grier Parke III. This up-to-date 
guide puts a library catalog at your fingertips. Over 5000 entries in many languages 
under 120 subject headings, including many recently available Russian works. 
Citations are as full as possible, and cross-references and suggestions for further 
investigation are provided. Extensive listing of bibliographical aids. 2 nd revised 
edition. Complete indices, xviii -f- 436 pp. 

60447-0 Paperbound $ 2.75 

Introduction to Elliptic Functions With Applications, Frank Bowman. 
Concise, practical introduction, from familiar trigonometric function to Jacobian 
elliptic functions to applications in electricity and hydrodynamics. Legendre’s 
standard forms for elliptic integrals, conformal representation, etc., fully covered. 
Requires knowledge of basic principles of differentiation and integration only. 
157 problems and examples, 56 figures. 115 pp. 60922-7 Paperbound $ 1.50 

Theory of Functions of a Complex Variable, A. R. Forsyth. Standard, 
classic presentation of theory of functions, stressing multiple-valued functions and 
related topics: theory of multiform and uniform periodic functions, Weierstrass s 
results with additiontheorem functions. Riemann functions and surfaces, algebraic 
functions, Schwarz’s proof of the existence-theorem, theory of conformal mapping, 
etc. 125 figures, 1 plate. Total of xxviii -f- 855 pp. 6*/ 8 x 9 l / 4 . 

61378 -X, 61379-8 Two volumes, Paperbound $ 5.00 

Theory of the Integral, Stanislaw Saks. Excellent introduction, covering all 
standard topics: set theory, theory of measure, functions with general properties, 
and theory of integration emphasizing the Lebesgue integral. Only a minimal back¬ 
ground in elementary analysis needed. Translated by L. C. Young. 2 nd revised 
edition, xv + 343 pp. 61151-5 Paperbound $ 3.00 

The Theory of Functions, Konrad Knopp. Characterized as "an excellent 
introduction . . . remarkably readable, concise, clear, rigorous” by the Journal of the 
American Statistical Association college text. 
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A Course in Mathematical Analysis, Edouard Goursat. The entire "Court 
d’analyse” for students with one year of calculus, offering an exceptionally wide 
range of subject matter on analysis and applied mathematics. Available for the first 
time in English. Definitive treatment. 

Volume I: Applications to geometry, expansion in series, definite integrals, de¬ 
rivatives and differentials. Translated by Earle R. Hedrick. 52 figures, viii -j- 
548 pp. 60554 -X Paperbound $ 3.00 

Volume II, Part I: Functions of a complex variable, conformal representations, 
doubly periodic functions, natural boundaries, etc. Translated by Earle R. Hedrick 
and Otto Dunkel. 38 figures, x + 259 pp. 60555-8 Paperbound $ 2.25 

Volume II, Part II: Differential equations, Cauchy-Lipschitz method, non-linear 
differential equations, simultaneous equations, etc. Translated by Earle R. Hedrick 
and Otto Dunkel. 1 figure, viii -f- 300 pp. 60556-6 Paperbound $ 2.50 

Volume III, Part I: Variation of solutions, partial differential equations of the 
second order. Poincare s theorem, periodic solutions, asymptotic series, wave 
propagation, Dirichlet’s problem in space, Newtonian potential, etc. Translated by 
Howard G. Bergmann. 15 figures, x + 329 pp. 61176-0 Paperbound $3.00 

Volume III, Part II: Integral equations and calculus of variations: Fredholm’s 
equation, Hilbert-Schmidt theorem, symmetric kernels, Euler s equation, transver¬ 
sals, extreme fields, Weierstrass’s theory, etc. Translated by Howard G. Bergmann. 
Note on Conformal Representation by Paul Montel. 13 figures, xi -f- 389 pp. 

61177-9 Paperbound $ 3.00 


Elementary Statistics: W'ith Applications in Medicine and the Biologi¬ 
cal Sciences, Frederick E. Croxton. Presentation of all fundamental techniques 
and methods of elementary statistics assuming average knowledge of mathematics 
only. Useful to readers in all fields, but many examples drawn from characteristic 
data in medicine and biological sciences, vii -f- 376 pp. 

60506 -X Paperbound $ 2.25 

Elements of the Theory of Functions. A general background text that 
deplores complex numbers, l.near functions, sets and sequences, conformal mapping. 
Detailed proofs. Translated by Frederick Bagemihl. 140 pp. 

60154-4 Paperbound $ 1.50 

Theory of Functions, Part I. Provides full demonstrations, rigorously set 
forth, of the general foundations of the theory: integral theorems, series the 
expansion of analytic functions. Translated by Federick Bagemihl. vii + 146 pp. 

60156-0 Paperbound $ 1.50 

Introduction to the Theory of Fourier's Series and Integrals, Horatio 
b. Uarslaw. A basic introduction to the theory of infinite series and integrals with 
spec.al reference to Fourier's series and integrals. Based on the classic Riemann 
integral and dealing with only ordinary functions, this is an important class text 
84 examples, xm + 368 pp. 60048-3 Paperbound $3.00 
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Laplace Transforms and Their Applications to Differential Equations, 

N. W. McLachlan. Introduction to modern operational calculus, applying it to 
ordinary and partial differential equations. Laplace transform, theorems of opera¬ 
tional calculus, solution of equations with constant coefficients, evaluation of 
integrals, derivation of transforms, of various functions, etc. For physics, engineer¬ 
ing students. Formerly Modern Operational Calculus, xiv -f- 218 pp. 

60192-7 Paperbound $ 2.50 

Partial Differential Equations of Mathematical Physics, Arthur G. Web¬ 
ster. Introduction to basic method and theory of partial differential equations, 
with full treatment of their applications to virtually every field. Full, clear chapters 
on Fourier series, integral and elliptic equations, spherical, cylindrical and ellip¬ 
soidal harmonics, Cauchy’s method, boundary problems, method of Riemann- 
Volterra, many other basic topics. Edited by Samuel J. Plimpton. 97 figures, 
vii -f 446 pp. 60263 -X Paperbound $ 2.75 

Principles of Stellar Dynamics, Subrahmanyan Chandrasekhar. Theory of 
stellar dynamics as a branch of classical dynamics; stellar encounter in terms of 
2-body problem, Liouville’s theorem and equations of continuity. Also two addi¬ 
tional papers. 50 illustrations, x -f- 313 pp. 5 % x 8%. 

60659-7 Paperbound $ 3.00 

Celestial Objects for Common Telescopes, T. W. Webb. The most used 
book in amateur astronomy: inestimable aid for locating and identifying hundreds 
of celestial objects. Volume 1 covers operation of telescope, telescope photography, 
precise information on sun, moon, planets, asteroids, meteor swarms, etc.; Volume 
2 , stars, constellations, double stars, clusters, variables, nebulae, etc. Nearly 4,000 
objects noted. New edition edited, updated by Margaret W. Mayall. 77 illustra¬ 
tions. Total of xxxix -j- 606 pp. 

20917 - 2 , 20918-0 Two volumes, Paperbound $ 5.00 

A Short History of Astronomy, Arthur Berry. Earliest times through the 19th 
century. Individual chapters on Copernicus, Tycho Brahe, Galileo, Kepler, Newton, 
etc. Non-technical, but precise, thorough, and as useful to specialist as layman. 

104 illustrations, 9 portraits, xxxi -f- 440 pp. 20210-0 Paperbound $3 00 


Ordinary Differential Equations, Edward L. Ince. Explains and analyzes 
theory of ordinary differential equations in real and complex domains: elementary 
methods of integration, existence and nature of solutions, continuous transforma¬ 
tion groups, linear differential equations, equations of first order, non-linear equa¬ 
tions of higher order, oscillation theorems, etc. "Highly recommended," Electronics 
Industries . 18 figures, viii -j- 558 pp. 60349-0 Paperbound $3 50 


Dictionary of Conformal Representations, H. Kober. Laplace’s equation 
in two dimensions for many boundary conditions; scores of geometric forms and 
transformations for electrical engineers, Joukowski aerofoil for aerodynamists, 
Schwarz-Christoffel transformations, transcendental functions, etc. Twin diagrams 
for most transformations. 447 diagrams, xvi -j- 208 pp. 6Vi x 9 Vi* 

60160-9 Paperbound $ 2.50 
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An Introduction to Fourier Methods and the Laplace Transformation, 
Philip Franklin. Introductory study of theory and applications of Fourier series 
and Laplace transforms, for engineers, physicists, applied mathematicians, physical 
science teachers and students. Only a previous knowledge of elementary calculus 
is assumed. Methods are related to physical problems in heat flow, vibrations, 
eletcrical transmission, electromagnetic radiation, etc. 828 problems with answers. 
Formerly Fourier Methods, x + 289 pp. 60452-7 Paperbound $ 2.50 

Infinite Sequences and Series, Konrad Knopp. Careful presentation of funda¬ 
mentals of the theory by one of the finest modern expositors of higher mathematics. 
Covers functions of real and complex variables, arbitrary and null sequences, con¬ 
vergence and divergence. Cauchy's limit theorem, tests for infinite series, power 
series, numerical and closed evaluation of series. Translated by Frederick Bagemihl. 
v -f- 186 pp. 60153-6 Paperbound $ 2.00 

Introduction to the Differential Equations of Physics, Ludwig Hopf. 
No math background beyond elementary calculus is needed to follow this classroom 
or self-study introduction to ordinary and partial differential equations. Approach 
is through classical physics. Translated by Walter Nef. 48 figures, v -f- 154 pp. 

60120 -X Paperbound $ 1.45 

Differential Equations for Engineers, Philip Franklin. For engineers, phys¬ 
icists, applied mathematicians. Theory and application: solution of ordinary differ¬ 
ential equations and partial derivatives, analytic functions. Fourier series, Abel's 
theorem, Cauchy Riemann differential equations, etc. Over 400 problems deal 
with electricity, vibratory systems, heat, radio; solutions. Formerly Differential 
Equations for Electrical Engineers. 41 illustrations, vii -{- 299 pp. 

60601-5 Paperbound $ 2.00 

Theory of Functions, Part II. Single- and multiple-valued functions; full pre¬ 
sentation of the most characteristic and important types. Proofs fully worked out. 
Translated by Frederick Bagemihl. x -j- 150 pp. 60157-9 Paperbound $ 1.50 

Problem Book in the Theory of Functions, I. More than 300 elementary 
problems for independent use or for use with "Theory of Functions, I.” 85 pp. of 
detailed solutions. Translated by Lipman Bers. viii -f- 126 pp. 

60158-7 Paperbound $ 1.50 

Problem Book in the Theory of Functions, II. More than 230 problems in 
the advanced theory. Designed to be used with "Theory of Functions, II” or with 
any comparable text. Full solutions. Translated by Frederick Bagemihl. 138 pp. 

60159-5 Paperbound $ 1.50 

Introduction to the Theory of Equations, Florian Cajori. Classic intro¬ 
duction by leading historian of science covers the fundamental theories as 
reached by Gauss, Abel, Galois and Kronecker. Basics of equation study are 
followed by symmetric functions of roots, elimination, homographic and Tschirn- 
hausen transformations, resolvents of Lagrange, cyclic equations. Abelian equations, 
the work of Galois, the algebraic solution of general equations, and much more. 
Numerous exercises include answ-ers. ix -f 239 pp. 62184-7 Paperbound $2.75 
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Almost Periodic Functions, A. S. Besicovitch. Thorough summary of Bohr’s 
theory of almost periodic functions citing new shorter proofs, extending the theory, 
and describing contributions of Wiener, Weyl, de la Vallee, Poussin, Stepanoff, 
Bochner and the author, xiii -f- 180 pp. 60018-1 Paperbound $1.75 

An Introduction to the Study of Stellar Structure, S. Chandrasekhar. 
A rigorous examination, using both classical and modern mathematical methods, of 
the relationship between loss of energy, the mass, and the radius of stars in a steady 
state. 38 figures. 509 pp. 60413-6 Paperbound $ 3.25 

Introduction to the Theory of Group's of Finite Order, Robert D. Car¬ 
michael. Progresses in easy steps from sets, groups, permutations, isomorphism 
through the important types of groups. No higher mathematics is necessary. 783 
exercises and problems, xiv -f- 447 pp. 60300-8 Paperbound $ 3.50 

The Solubility of Nonelectrolytes, Joel H. Hildebrand and Robert L. Scott. 
Classic, pioneering work discusses in detail ideal and nonideal solutions, inter- 
molecular forces, structure of liquids, athermal mixing, hydrogen bonding, equa¬ 
tions describing mixtures of gases, high polymer solutions, surface phenomena, etc. 
Originally published in the American Chemical Society Monograph series. New 
authors' preface and new paper ( 1964 ). 148 figures, 88 tables, xiv -f- 488 pp. 

61125-6 Paperbound $ 3.00 

Introduction to Applied Mathematics, Francis D. Murnaghan. Introduction 
to advanced mathematical techniques—vector and matrix analysis, partial differen¬ 
tial equations, integral equations, Laplace transform theory, Fourier series, 
boundary-value problems, etc.—particularly useful to physicists and engineers. 41 
figures, ix -f- 389 pp. 61042 -X Paperbound $ 2.25 

Elementary Mathematics From An Advanced Standpoint: Volume I— 
Arithmetic, Algebra, Analysis, Felix Klein. Second-level approach, illumi¬ 
nated by graphical and geometrical interpretation. Covers natural and complex 
numbers, real equations with real unknowns, equations in the field of complex 
quantities, logarithmic and exponential functions, goniometric functions, infini¬ 
tesimal calculus, transcendence of e and tt. Concept of function introduced im¬ 
mediately. Translated by E. R. Hedrick and C. A. Noble. 125 figures, ix -f- 274 pp. 

(USO) 60150-1 Paperbound $ 2.25 

Elementary Mathematics From An Advanced Standpoint: Volume II-— 
Geometry, Feliex Klein. Using analytical formulas, Klein clarifies the precise 
formulation of geometric facts in chapters on manifolds, geometric and higher 
point transformations, foundations. "Nothing comparable," Mathematics Teacher. 

Translated by E. R. Hedrick and C. A. Noble. 141 figures, ix -f- 214 pp. 

(USO) 60151 -X Paperbound $ 2.25 

Engineering Mathematics, Kenneth S. Miller. Most useful mathematical tech¬ 
niques for graduate students in engineering, physics, covering linear differential 
equations, series, random functions, integrals, Fourier series, Laplace transform, 
network theory, etc. "Sound and teachable," Science. 89 figures, xii -f- 417 pp. 

6 x 8 Y 2 . 61121-3 Paperbound $3 00 
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Basic Electricity, U. S. Bureau of Naval Personel. Originally a training course, 
best non-technical coverage of basic theory of electricity and its applications. Funda¬ 
mental concepts, batteries, circuits, conductors and wiring techniques, AC and DC, 
inductance and capacitance, generators, motors, transformers, magnetic amplifiers, 
synchros, servomechanisms, etc. Also covers blue-prints, electrical diagrams, etc. 
Many questions, with answers. 349 illustrations, x -f- 448 pp. 6V2 x 9 %. 

20973-3 Paperbound $ 3.00 

Tensors For Circuits, Gabriel Kron. The purpose of this volume was to develop 
a new mathematical method of analyzing engineering problems—through tensor 
analysis—which has since proven its usefulness especially in electrical and structural 
networks in computers. Introduction by Banesh Hoffmann. Formerly A Short 
Course in Tensor Analysis. Over 800 figures, xviii 250 pp. 

60534-5 Paperbound $ 2.00 

Information Theory, Stanford Goldman. A thorugh presentation of the work 
of C. E. Shannon and to a lesser extent Norbert Weiner, at a mathematical level 
understandable to first-year graduate students in electrical engineering. In addi¬ 
tion, the basic and general aspects of information theory are developed at an 
elementary level for workers in non-mathematical sciences. Table of logarithms to 
base 2 . xiii -f- 385 pp. 62209-6 Paperbound S 3.50 


Introduction to the Statistical Dynamics of Automatic Control 
Systems, V. V. Solodovnikov. General theory of control systems subjected to 
random signals. Theory of linear analysis, statistics of random signals, theory of 
linear prediction and filtering. For advanced and graduate-level students. Trans¬ 
lated by John B. Thomas and Loth A. Zadeh. xxi -f- 307 pp. 

60420-9 Paperbound $ 3.00 

Fundamental of Hydro- and Aeromechanics, Ludwig Prandtl and O. G. 
Tietjens. Tietjens’ famous expansion of Professor Prandtl’s Kaiser Wilhelm 
Institute lectures. Much original material included in coverage of statics of liquids 
and gases, kinematics of liquids and gases, dynamics of non-viscous liquids. Proofs 
are rigorous and use vector analysis. Translated by L. Rosenhead. 186 figures, 
xvi -f- 270 pp. 60374-1 Paperbound $ 2.25 


Mathematical Methods for Scientists and Engineers, L. P. Smith. Full 
investigation of methods, practical description of conditions where used: elements 
of real functions, differential and integral calculus, space geometry, residues, 
vectors and tensors, Bessel functions, etc. Many examples from scientific literature 
completely worked out. 368 problems for solution, 100 diagrams, x -{- 453 pp. 

60220-6 Paperbound $ 2.75 

Computational Methods of Linear Algebra, V. N. Faddeeva. Only w-ork in 
English to present classical and modern Russian computational methods of linear 
algebra, including the work of A. N. Krylov, A. M. Danilevsky, D. K. Faddeev 
and others. Detailed treatment of the derivation of numerical solutions to problems 
of linear algebra. Translated by Curtis D. Benster. 23 carefully prepared tables. 
New bibliography, x -f 2 52 pp. 60424-1 Paperbound $ 2.50 
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Tables of Functions: With Formulae and Curves, Eugene Jahnke and Fritz 
Emde. The revised fourth edition, with the 76 -page appendix of tables and 
formulae of elementary functions. Sine, cosine, logarithmic integral; error integral; 
Riemann-Zeta function; Mathieu functions; cubic equations; exponential func¬ 
tion; the hyperbolic functions; much more. 212 figures, xii -f- 382 pp. 

(USO) 60133-1 Paperbound $ 2.50 

Statistical Adjustment of Data, W. Edwards Deming. Introduction to basic 
concepts of statistics, curve fitting, least squares solution, conditions without 
parameter, conditions containing parameters. 26 exercises worked out. Some back¬ 
ground in differential calculus desirable. Tables, x -|- 26 lpp. 

61235 -X Paperbound $ 2.00 

The Works of Archimedes, With the Method of Archimedes, edited by 
T. L. Heath. All the known works of the great Greek mathematician. The editor's 
186 -page introduction describes the relation of Archimedes to his predecessors, his 
life, and his thought. Supplement: The Method of Archimedes, recently discovered 
by Heiberg, clxxxvi -f- 377 pp. 60009-2 Paperbound $ 3.50 


A Concise History of Mathematics, Dirk J. Struik. The best brief history of 
mathematics. Stresses origins and covers every major figure in math history from 
the ancient Near East to the great figures of the 19 th century such as Fourier, 
Gauss, Riemann, Cantor, many others. "A tremendous undertaking,” American 
Mathematical Monthly. Third revised edition. 41 illustrations, x -f- 195 pp. 

(EUK) 60255-9 Paperbound $ 2.00 

An Introduction to Relaxation Methods, Frederick S. Shaw. Use of relaxa¬ 
tion methods for solution of differential equations, written by co-worker with Sir 
Richard Southwell, who developed relaxation methods. Deals with application of 
a general computational process which has been extended to include almost all 
branches of applied mechanics and physics. Treatment is mathematical rather than 
physical. Detailed demonstrations and examples. 253 diagrams, 72 tables. 396 pp. 

60244-3 Paperbound $ 3.25 


Mathematical Tables and Formulas, Robert D. Carmichael and Edwin R. 
Smith. All tables necessary for college algebra and trigonometry. Five-place 
logarithms, sines and tangents, trigonometric functions, powers, roots, reciprocals, 
exponential and hyperbolic functions, formulas and theorems from geometry and 
calculus. Very rich collection, viii -f- 269 pp- 60111-0 Paperbound $ 1.50 


Mathematical Tables of Elementary and Some Higher Mathematical 
Functions, Herbert B. Dwight. Almost every function of importance in applied 
mathematics, engineering and the physical sciences. Trigonometric functions and 
their inverse functions to thousandths of radians, logarithms, hyperbolic functions, 
elliptic functions of the first and second kind, over 60 pages of Bessel functions, 
Euler numbers and their logs to base ten, and many others. Over half have 
columns of difference to facilitate interpolation, viii -f- 231 pp. 

60445-4 Paperbound $ 2.50 
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Mechanics of Materials, Alvin Sloane. Over 500 problems are used to illustrate 
the theory of elasticity introduced in this lucid text, ideal for class use. 299 
figures. 553 problems, many answered. 17 tables, xvii -f- 468 pp. 

61767 -X Paperbound $ 2.75 
Answer Book: Detailed, fully worked solutions for all 553 problems. 9 % x 12 %. 
26 pp. 62513-3 Paperbound 75 c 

Applied Optics and Optical Design, A. E. Conrady. Standard work for 
designers. Detailed step-by-step exposition, moving from fundamentals to design 
of various systems. Volume 1 covers ordinary raytracing methods, primary aberra¬ 
tion, telescopes, low-power microscope, photographic equipment. Volume 2 (com¬ 
pleted by Rudolph Kingslake) covers high-power microscope, anastigmatic photo¬ 
graphic objectives. 193 diagrams. Total of xiv 841 pp. 

60611 - 2 , 60612-2 Two volumes, Paperbound $ 7.50 


Introduction to Electronics, U. S. Bureau of Naval Personnel. Basic con¬ 
cepts, techniques, equipment on elementary level, no background required. Power 
supplies, electron tubes in circuits, operation of transistors, servosystems, radio, 
radar, sonar, etc. 155 figures, viii -f“ 145 pp. 6% x 9 %. 

21283-1 Paperbound $ 1.25 

Basic Electronics, U. S. Bureau of Naval Personnel. Using nothing more ad¬ 
vanced than elementary electricity and mathematics, this manual covers electron 
tubes, circuits, antennas, radar, etc.—even transistors. 430 wiring diagrams, cut¬ 
aways, photos, vii -j- 459 pp. 6% x 9 %. 21076-6 Paperbound $ 2.95 


Basic Theory and Application of Transistors, U. S. Department of the 
Army. Fundamental theory, applications for persons with minimal electronic 
background. Physical basis, amplifiers, bias stabilization, analysis and comparison, 
amplifiers, pulse and switching circuits, modulation, semiconductors, etc. Thorough, 
nothing left out. 240 diagrams. 263 pp. 6% x 9 %. 

20380-8 Paperbound $ 1.75 

Microwave Electronics, John C. Slater. Full treatment of microwave elec¬ 
tronics and its electromagnetic basis covers passive microwave circuits and active 
devices such as klystrons, magnetrons, etc. A detailed mathematical analysis is 
supplemented with experiments and physical pictures. Work is chiefly concerned 
with basic physical principles rather than specific devices. 91 figures, xiv -f- 
406 pp. 62264-9 Paperbound $ 3.50 


Handbook of Mathematical Functions With Formulas, Graphs, and 
Mathematical Tables, edited by Milton Abramowitz and Irene A. Stegun. 
Vast compendium of tables of functions designed to meet needs of scientists in all 
fields. 29 sets of tables, some to as high as 20 places; error function, Bessel func¬ 
tions, Struve functions, Coulomb wave functions, hypergeometric functions, elliptic 
integrals, Mathieu functions, orthogonal polynomials, probability functions, Laplace 
transforms, etc. Originally published by U. S. Department of Commerce. Revised 
edition, xiv -f 1046 pp. 8 x 10%. 61272-4 Paperbound $5.00 
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Alphabets and Ornaments, Ernst Lehner. Well-known pictorial source for 
decorative alphabets, script examples, cartouches, frames, decorative title pages, calli¬ 
graphic initials, borders, similar material. 14th to 19th century, mostly European. 
Useful in almost any graphic arts designing, varied styles. 750 illustrations. 256pp. 

^ x 10 * 21905-4 Paperbound $4.00 

Painting: A Creative Approach, Norman Colquhoun. For the beginner simple 
guide provides an instructive approach to painting: major stumbling blocks for 
beginner, overcoming them, technical points; paints and pigments; oil painting; 
watercolor and other media and color. New section on "plastic” paints. Glossary. 
Formerly Paint Your Own Pictures. 221 pp. 22000-1 Paperbound $ 1.75 

The Enjoyment and Use of Color, Walter Sargent. Explanation of the rela¬ 
tions between colors themselves and between colors in nature and art, including 
hundreds of little-known facts about color values, intensities, effects of high and 
low illumination, complementary colors. Many practical hints for painters, references 
to great masters. 7 color plates, 29 illustrations, x + 274pp. 

20944-X Paperbound $2.50 

The Notebooks of Leonardo Da Vinci, compiled and edited by Jean Paul 
Richter. 1566 extracts from original manuscripts reveal the full range of Leonardo's 
versatile genius: all his writings on painting, sculpture, architecture, anatomy, 
astronomy, geography, topography, physiology, mining, music, etc., in both Italian 
and English, with 186 plates of manuscript pages and more than 500 additional 
drawings. Includes studies for the Last Supper, the lost Sforza monument, and 
other works. Total of xlvii -j- 866 pp. 7% x 10%. 

22572-0, 22573-9 Two volumes, Paperbound $10.00 


Montgomery Ward Catalogue of 1895. Tea gowns, yards of flannel and 
pillow-case lace, stereoscopes, books of gospel hymns, the New Improved Singer 
Sewing Machine, side saddles, milk skimmers, straight-edged razors, high-button 
shoes, spittoons, and on and on . . . listing some 25,000 items, practically all illus¬ 
trated. Essential to the shoppers of the 1890’s, it is our truest record of the spirit of 
the period. Unaltered reprint of Issue No. 57, Spring and Summer 1895. Introduc¬ 
tion by Boris Emmet. Innumerable illustrations, xiii -f- 624pp. 8 V 2 x 11%* 

22377-9 Paperbound $6.95 


The Crystal Palace Exhibition Illustrated Catalogue (London, 1851 ). 
One of the wonders of the modern world—the Crystal Palace Exhibition in which 
all the nations of the civilized world exhibited their achievements in the arts and 
sciences—presented in an equally important illustrated catalogue. More than 1700 
items pictured with accompanying text—ceramics, textiles, cast-iron work, carpets, 
pianos, sleds, razors, wall-papers, billiard tables, beehives, silverware and hundreds 
of other artifacts—represent the focal point of Victorian culture in the Western 
World. Probably the largest collection of Victorian decorative art ever assembled— 
indispensable for antiquarians and designers. Unabridged republication of the 
Art-Journal Catalogue of the Great Exhibition of 1851 , with all terminal essays. 
New introduction by John Gloag, F.S.A. xxxiv -f- 426pp. 9x12. 

22503-8 Paperbound $ 4.50 
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Incidents of Travel in Yucatan, John L. Stephens. Classic (1843) exploration 
of jungles of Yucatan, looking for evidences of Maya civilization. Stephens found 
many ruins; comments on travel adventures, Mexican and Indian culture. 127 strik¬ 
ing illustrations by F. Catherwood. Total of 669 pp. 

20926-1, 20927-X Two volumes, Paperbound $5.00 

Incidents of Travel in Central America, Chiapas, and Yucatan, John L. 
Stephens. An exciting travel journal and an important classic of archeology. Narra¬ 
tive relates his almost single-handed discovery of the Mayan culture, and explora¬ 
tion of the ruined cities of Copan, Palenque, Utatlan and others; the monuments 
they dug from the earth, the temples buried in the jungle, the customs of poverty- 
stricken Indians living a stone’s throw from the ruined palaces. Ii5 drawings by 
F. Catherwood. Portrait of Stephens, xii -f- 812pp. 

22404-X, 22405-8 Two volumes, Paperbound S6.00 

A New Voyage Round the World, William Dampier. Late 17-century naturalist 
joined the pirates of the Spanish Main to gather information; remarkably vivid 
account of buccaneers, pirates; detailed, accurate account of botany, zoology, ethnog¬ 
raphy of lands visited. Probably the most important early English voyage, enor¬ 
mous implications for British exploration, trade, colonial policy. Also most inter¬ 
esting reading. Argonaut edition, introduction by Sir Albert Gray. New introduc¬ 
tion by Percy Adams. 6 plates, 7 illustrations, xlvii -{- 376pp. 6 l / 2 x 9y 4 . 

21900-3 Paperbound $3.00 

International Airline Phrase Book in Six Languages, Joseph W. Bator, 
important phrases and sentences in English paralleled with French, German, Portu¬ 
guese, Italian, Spanish equivalents, covering all possible airport-travel situations; 
created for airline personnel as well as tourist by Language Chief, Pan American 
Airlines, xiv -f 204pp. 22017-6 Paperbound $2.00 

Stage Coach and Tavern Days, Alice Morse Earle. Detailed, lively account of 
the early days of taverns; their uses and importance in the social, political and mili¬ 
tary life; furnishings and decorations; locations; food and drink; tavern signs etc 
Second half covers every aspect of early travel; the roads, coaches, drivers,’ etc. 
Nostalgic charming, packed with fascinating material. 157 illustrations, mostly 
photographs, xiv + 449 PP . 22518-6 Paperbound $4.00 

Norse Discoveries and Explorations in North America, Hjalmar R. Holand. 
The perplexing Kensington Stone, found in Minnesota at the end of the 19th cen¬ 
tury. Is it a record of a Scandinavian expedition to North America in the 14th 
century. Or is it one of the most successful hoaxes in history. A scientific detective 
investigation. Formerly Westward from Vinland. 31 photographs, 17 figures 

x + 354pp. 22014-1 Paperbound $2.75 

A Book of Old Maps, compiled and edited by Emerson D. Fite and Archibald 
Freeman. 74 old maps offer an unusual survey of the discovery, settlement and 
growth of America down to the close of the Revolutionary war: maps showing 
Norse settlements in Greenland, the explorations of Columbus, Verrazano, Cabof 

Revolutionary war battles, 

and much more. Each map is accompanied by a brief historical essay, xvi -f 299pp 
X 13/4 ’ 22084-2 Paperbound $6.00 
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Adventures of an African Slaver, Theodore Canot. Edited by Brantz Mayer. 
A detailed portrayal of slavery and the slave trade, 1820-1840. Canot, an established 
trader along the African coast, describes the slave economy of the African kingdoms, 
the treatment of captured negroes, the extensive journeys in the interior to gather 
slaves, slave revolts and their suppression, harems, bribes, and much more. Full and 
unabridged republication of 1854 edition. Introduction by Malcom Cowley. 16 
illustrations, xvii -f 448pp. 22456-2 Paperbound $3.50 

My Bondage and My Freedom, Frederick Douglass. Born and brought up in 
slavery, Douglass witnessed its horrors and experienced its cruelties, but went on 
to become one of the most outspoken forces in the American anti-slavery movement. 
Considered the best of his autobiographies, this book graphically describes the in¬ 
human treatment of slaves, its effects on slave owners and slave families, and how 
Douglass’s determination led him to a new life. Unaltered reprint of 1st (1855) 
edition, xxxii -f- 464pp. 22457-0 Paperbound $2.50 

The Indians’ Book, recorded and edited by Natalie Curtis. Lore, music, narratives, 
dozens of drawings by Indians themselves from an authoritative and important 
survey of native culture among Plains, Southwestern, Lake and Pueblo Indians. 
Standard work in popular ethnomusicology. 149 songs in full notation. 23 draw¬ 
ings, 23 photos, xxxi -f- 584pp. 6% x 9%. 21939-9 Paperbound $4.00 


Dictionary of American Portraits, edited by Hayward and Blanche Cirker. 
4024 portraits of 4000 most important Americans, colonial days to 1905 (with a 
few important categories, like Presidents, to present). Pioneers, explorers, colonial 
figures, U. S. officials, politicians, writers, military and naval men, scientists, inven¬ 
tors, manufacturers, jurists, actors, historians, educators, notorious figures, Indian 
chiefs, etc. All authentic contemporary likenesses. The only work of its kind in 
existence; supplements all biographical sources for libraries. Indispensable to any¬ 
one working with American history. 8,000-item classified index, finding lists, other 
aids, xiv -f 756pp. 9 Va x 12%. 21823-6 Clothbound $30.00 


Tritton’s Guide to Better Wine and Beer Making for Beginners, S. M. 
Tritton. All you need to know to make family-sized quantities of over 100 types 
of grape, fruit, herb and vegetable wines; as well as beers, mead, cider, etc. Com¬ 
plete recipes, advice as to equipment, procedures such as fermenting, bottling, and 
storing wines. Recipes given in British, U. S., and metric measures. Accompanying 
booklet lists sources in U. S. A. where ingredients may be bought, and additional 

information. 11 illustrations. 157pp. 5% x 8Yg. 

(USO) 22090-7 Clothbound $3.50 

Gardening With Herbs for Flavor and Fragrance, Helen M. Fox. How to 
grow herbs in your own garden, how to use them in your cooking (over 55 recipes 
included), legends and myths associated with each species, uses in medicine, per¬ 
fumes, etc.—these are elements of one of the few books written especially for Amer¬ 
ican herb fanciers. Guides you step-by-step from soil preparation to harvesting and 
storage for each type of herb. 12 drawings by Louise Mansfield, xiv -f- 334pp. 

22540-2 Paperbound $2.50 
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Jim Whitewolf: The Life of a Kiowa Apache Indian, Charles S. Brant, 
editor. Spans transition between native life and acculturation period, 1880 on. 
Kiowa culture, personal life pattern, religion and the supernatural, the Ghost Dance, 
breakdown in the White Man’s world, similar material. 1 map. xii -f- 144pp. 

22015-X Paperbound $1.75 

The Native Tribes of Central Australia, Baldwin Spencer and F. J. Gillen. 
Basic book in anthropology, devoted to full coverage of the Arunta and Warra- 
munga tribes; the source for knowledge about kinship systems, material and social 
culture, religion, etc. Still unsurpassed. 121 photographs, 89 drawings, xviii 
+ 669pp. 21775-2 Paperbound $5.00 

Malay Magic, Walter W. Skeat. Classic (1900) ; still the definitive work on the 
folklore and popular religion of the Malay peninsula. Describes marriage rites, 
birth spirits and ceremonies, medicine, dances, games, war and weapons, etc. Exten¬ 
sive quotes from original sources, many magic charms translated into English. 35 
illustrations. Preface by Charles Otto Blagden. xxiv -+- 685pp. 

21760-4 Paperbound $3.50 

Heavens on Earth: Utopian Communities in America, 1680-1880, Mark 
Holloway. The finest nontechnical account of American utopias, from the early 
Woman in the Wilderness, Ephrata, Rappites to the enormous mid 19th-century 
efflorescence; Shakers, New Harmony, Equity Stores, Fourier’s Phalanxes, Oneida, 
Amana, Fruitlands, etc. "Entertaining and very instructive." Times Literary Supple¬ 
ment. 15 illustrations. 246pp. 21593-8 Paperbound $2.00 

London Labour and the London Poor, Henry Mayhew. Earliest (c. 1850) 
sociological study in English, describing myriad subcultures of London poor. Par¬ 
ticularly remarkable for the thousands of pages of direct testimony taken from the 
lips of London prostitutes, thieves, beggars, street sellers, chimney-sweepers, street- 
musicians, "mudlarks," "pure-finders," rag-gatherers, "running-patterers," dock 
laborers, cab-men, and hundreds of others, quoted directly in this massive work. 
An extraordinarily vital picture of London emerges. 110 illustrations. Total of 
Ixxvi -f- 1951pp. 6y 8 x 10. 

21934-8, 21935-6, 21936-4, 21937-2 Four volumes, Paperbound $14.00 

History of the Later Roman Empire, J. B. Bury. Eloquent, detailed reconstruc¬ 
tion of Western and Byzantine Roman Empire by a major historian, from the death 
of Theodosius I (395 A.D.) to the death of Justinian (565). Extensive quotations 
from contemporary sources; full coverage of important Roman and foreign figures 
of the time, xxxiv + 965pp. 21829-5 Record, book, album. Monaural. $2.75 

An Intellectual and Cultural History of the Western World, Harry 
Elmer Barnes. Monumental study, tracing the development of the accomplishments 
that make up human culture. Every aspect of man’s achievement surveyed from its 
origins in the Paleolithic to the present day (1964) ; social structures, ideas, economic 
systems, art, literature, technology, mathematics, the sciences, medicine, religion, 
jurisprudence, etc. Evaluations of the contributions of scores of great men. 1964 
edition, revised and edited by scholars in the many fields represented. Total of xxix 
+ 1381pp. 21275-0, 21276-9, 21277-7 Three volumes, Paperbound $7.75 
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The Philosophy of the Upanishads, Paul Deussen. Clear, detailed statement 
of upanishadic system of thought, generally considered among best available. His¬ 
tory of these works, full exposition of system emergent from them, parallel concepts 
in the West. Translated by A. S. Geden. xiv -f- 429pp. 

21616-0 Paperbound $3.00 

Language, Truth and Logic, Alfred J. Ayer. Famous, remarkably clear introduc¬ 
tion to the Vienna and Cambridge schools of Logical Positivism; function of philoso¬ 
phy, elimination of metaphysical thought, nature of analysis, similar topics. "Wish 
I had written it myself,” Bertrand Russell. 2 nd, 1946 edition. 160pp. 

20010-8 Paperbound $1.35 

The Guide for the Perplexed, Moses Maimonides. Great classic of medieval 
Judaism, major attempt to reconcile revealed religion (Pentateuch, commentaries) 
and Aristotelian philosophy. Enormously important in all Western thought. Un¬ 
abridged Friedlander translation. 50-page introduction, lix -f- 4l4pp. 

(USO) 20351-4 Paperbound $2.50 

Occult and Supernatural Phenomena, D. H. Rawcliffe. Full, serious study 
of the most persistent delusions of mankind: crystal gazing, mediumistic trance, 
stigmata, lycanthropy, fire walking, dowsing, telepathy, ghosts, ESP, etc., and their 
relation to common forms of abnormal psychology. Formerly Illusions and Delusions 
of the Supernatural and the Occult, iii -f- 551pp. 20503-7 Paperbound $3.50 


The Egyptian Book of the Dead: The Papyrus of Ani, E. A. Wallis Budge. 
Full hieroglyphic text, interlinear transliteration of sounds, word for word trans¬ 
lation, then smooth, connected translation; Theban recension. Basic work in Ancient 
Egyptian civilization; now even more significant than ever for historical importance, 
dilation of consciousness, etc. clvi -f- 377pp. 6 ! /2 x 

21866-X Paperbound $3.75 


Psychology of Music, Carl E. Seashore. Basic, thorough survey of everything 
known about psychology of music up to 1940 s; essential reading for psychologists, 
musicologists. Physical acoustics; auditory apparatus; relationship of physical 
sound to perceived sound ; role of the mind in sorting, altering, suppressing, creating 
sound sensations; musical learning, testing for ability, absolute pitch, other topics. 
Records of Caruso, Menuhin analyzed. 88 figures, xix -{- 4.08pp. 

21851-1 Paperbound $2.75 

The I Ching (The Book of Changes), translated by James Legge. Complete 
translated text plus appendices by Confucius, of perhaps the most penetrating divina¬ 
tion book ever compiled. Indispensable to all study of early Oriental civilizations. 
3 plates, xxiii -f- 448pp. 21062-6 Paperbound $2.75 

The Upanishads, translated by Max Muller. Twelve classical upanishads: Chan- 
dogya, Kena, Aitareya, Kaushitaki, Isa, Katha, Mundaka, Taittiriyaka, Brhadaran- 
yaka, Svetasvatara, Prasna, Maitriyana. 160-page introduction, analysis by Prof. 
Muller. Total of 826pp. 20398-0, 20399-9 Two volumes, Paperbound $5.00 
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Planets, Stars and Galaxies: Descriptive Astronomy for Beginners, A. E. 

Fanning. Comprehensive introductory survey of astronomy: the sun, solar system, 
stars, galaxies, universe, cosmology; up-to-date, including quasars, radio stars, etc. 
Preface by Prof. Donald Menzel. 24pp. of photographs. 189pp. 5*4 x 8 y 4 . 

21680-2 Paperbound $1.50 

Teach Yourself Calculus, P. Abbott. With a good background in algebra and 
trig, you can teach yourself calculus with this book. Simple, straightforward intro¬ 
duction to functions of all kinds, integration, differentiation, series, etc. "Students 
who are beginning to study calculus method will derive great help from this book." 
Faraday House Journal. 308pp. 20683*1 Clothbound $2.00 

Teach Yourself Trigonometry, P. Abbott. Geometrical foundations, indices and 
logarithms, ratios, angles, circular measure, etc. are presented in this sound, easy-to- 
use text. Excellent for the beginner or as a brush up, this text carries the student 
through the solution of triangles. 204pp. 20682-3 Clothbound $2.00 

Teach Yourself Anatomy, David LeVay. Accurate, inclusive, profusely illus¬ 
trated account of structure, skeleton, abdomen, muscles, nervous system, glands, 
brain, reproductive organs, evolution. "Quite the best and most readable account,’’ 
Medical Officer. 12 color plates. 164 figures. 311pp. 4y 4 x 7. 

21651-9 Clothbound $2.50 


Teach Yourself Physiology, David LeVay. Anatomical, biochemical bases; di¬ 
gestive, nervous, endocrine systems; metabolism; respiration; muscle; excretion; 
temperature control; reproduction. "Good elementary exposition," The Lancet. 6 
color plates. 44 illustrations. 208pp. 4 y 4 x 7. 21658-6 Clothbound $2.50 

The Friendly Stars, Martha Evans Martin. Classic has taught naked-eye observa¬ 
tion of stars, planets to hundreds of thousands, still not surpassed for charm, lucidity 
adequacy. Completely updated by Professor Donald H. Menzel, Harvard Observa¬ 
tory. 25 illustrations. 16 x 30 chart, x + 147pp. 21099-5 Paperbound $1.25 

Music of the Spheres: The Material Universe from Atom to Quasar 
Simply Explained, Guy Murchie. Extremely broad, brilliantly written popular 
account begins with the solar system and reaches to dividing line between matter and 
nonmatter; latest understandings presented with exceptional clarity. Volume One: 
Planets, stars, galaxies, cosmology, geology, celestial mechanics, latest astronomical 
discoveries; Volume Two: Matter, atoms, waves, radiation, relativity chemical 
action, heat, nuclear energy, quantum theory, music, light, color, probability anti¬ 
matter, antigravity, and similar topics. 319 figures. 1967 (second) edition ’ Total 
of xx + 644pp. 21809-0, 21810-4 Two volumes, Paperbound $4.00 

Old-Time Schools and School Books, Clifton Johnson. Illustrations and rhymes 
from early primers, abundant quotations from early textbooks, many anecdotes of 
school life enliven this study of elementary schools from Puritans to middle 19th 
century. Introduction by Carl Withers. 234 illustrations, xxxiii + 381pp. 

21031-6 Paperbound $2.50 
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Algebras and Their Arithmetics, Leonard E. Dickson. Complete background 
for advanced study of abstract algebra. Clear rigorous exposition of the structures 
of many special algebras, from an elementary introduction to linear transformations, 
matrices and complex numbers to a generalization of the classic theory of integral 
algebraic numbers. Each definition and theorem illustrated by a simple example, 
xii -f- 24lpp. 60616-3 Paperbound $1.50 

Astronomy and Cosmogony, Sir James Jeans. Modern classic of exposition, 
Jean’s latest work. Descriptive astronomy, atrophysics, stellar dynamics, cosmology, 
presented on intermediate level. 16 illustrations. Preface by Lloyd Motz. xv -f- 
428pp. 60923-5 Paperbound $3.50 

Experimental Spectroscopy, Ralph A. Sawyer. Discussion of techniques and 
principles of prism and grating spectrographs used in research. Full treatment of 
apparatus, construction, mounting, photographic process, spectrochemical analysis, 
theory. Mathematics kept to a minimum. Revised (1961) edition. 110 illustra¬ 
tions. x 358pp. 61045-4 Paperbound $3.00 

Theory of Light, Richard von Mises. Introduction to fluid dynamics, explaining 
fully the physical phenomena and mathematical concepts of aeronautical engineer¬ 
ing, general theory of stability, dynamics of incompressible fluids and wing theory. 
Still widely recommended for clarity, though limited to situations in which air 
compressibility effects are unimportant. New introduction by K. H. Hohenemser. 
408 figures, xvi -f- 629pp. 60541-8 Paperbound $3.75 

Airplane Structural Analysis and Design, Ernest E. Sechler and Louis G. 
Dunn. Valuable source work to the aircraft and missile designer: applied and 
design loads, stress-strain, frame analysis, plates under normal pressure, engine 

mounts, landing gears, etc. 47 problems. 256 figures, xi -f- 420pp. 

61043-8 Paperbound $2.50 


Photoelasticity: Principles and Methods, H. T. Jessop and F. C. Harris. 
An introduction to general and modern developments in 2- and 3-dimensional stress 
analysis techniques. More advanced mathematical treatment given in appendices. 
164 figures, viii + 184pp. 6Vs x 9V 4 . (USO) 60720-8 Paperbound $2.00 


The Measurement of Power Spectra From the Point of View of Com¬ 
munications Engineering, Ralph B. Blackman and John W. Tukey. Techniques 
for measuring the power spectrum using elementary transmission theory and theory 
of statistical estimation. Methods of acquiring sound data, procedures for reducing 
data to meaningful estimates, ways of interpreting estimates. 36 figures and tables. 
Index, x -f 190pp. 60507-8 Paperbound $2.50 


Gaseous Conductors: Theory and Engineering Applications, James D. 
Cobine. An indispensable reference for radio engineers, physicists and lighting 
engineers. Physical backgrounds, theory of space charges, applications in circuit 
interrupters, rectifiers, oscillographs, etc. 83 problems. Over 600 figures, xx + 
606pp. 60442-X Paperbound $3-75 
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Advanced Calculus, Edwin B. Wilson. Widely regarded as among the most 
useful and comprehensive texts in this subject. Many chapters, such as those on 
vector functions, ordinary differential equations, special functions, calculus of 
variations, elliptic functions and partial differential equations, are excellent intro¬ 
ductions to their branches of higher mathematics. More than 1 300 exercises speed 
comprehension and indicate applications, ix -|- 566 pp. 

60504-3 Paperbounfd $ 3.00 

s 

A Treatise on Advanced Calculus, Philip Franklin. Comprehensive, logical 
treatment of theory of calculus and allied subjects. Provides solid basis for gradu¬ 
ate study without going as far as texts on real variable theory. Theory stressed over 
applications and techniques. 612 exercise problems with solution hints. 28 figures, 
xi + 595pp. 61252-X Paperbound $4.00 

Hydrodynamics, Sir Horace Lamb. Standard reference and study work, almost 
inexhaustible in coverage of classical material. Unexcelled for fundamental theo¬ 
rems, equations, detailed methods of solution: equations of motion, integration 
of equations, irrotational motion, motion of liquid in two dimensions, motion of 
solids through liquids, vortex motion, tidal waves, waves of expansion, surface 
waves, viscosity, rotating liquids, etc. 6 th enlarged edition. 119 figures, xv -f 
738pp. 6x9. (USO) 60256-7 Paperbound $4.00 

Electromagnetism, John C. Slater and Nathaniel H. Frank. Introductory study 
by leading men in the field supplies basic material on electrostatics and magneto¬ 
statics, then concentrates on electromagnetic theory, ranging over many areas and 
touching on electrical engineering. Also covers equations and theorems of Gauss, 
Poisson, Laplace and Green, dielectrics, magnetic fields of linear and circular 
currents, electromagnetic induction and Maxwell's equations, wave guides and 
cavity resonators, Huygens' principle, etc. A knowledge of calculus and differential 
equations required. Problems are supplied. 39 figures, xii -f- 240pp. 

62263-0 Paperbound $ 2.75 


Applied Hydro- and Aeromechanics, Ludwig Prandtl, O. G. Tietjens. Methods 
valuable to engineers: flow in pipes, boundary layers, airfoil theory, entry condi¬ 
tions, turbulent flow in pipes, drag, etc. 226 figures, 287 photographic plates 
XVI + 31 1pp. 60375-X Paperbound $2.50 

Basic Optics and Optical Instruments, U. S. Navy. Navy elementary train¬ 
ing manual clearly treating the composition of optical glass, characteristics of light 
elements of mirrors, prisms and lenses, construction of optical instruments main¬ 
tenance and repair procedures. Formerly titled O pH caiman 2 & 3. Near’ly 600 
charts, diagrams, photgraphs and drawings, vi + 485pp. 6'/ 2 x 914 . 

22291-8 Paperbound $3.50 

Mechanics of the Gyroscope: The Dynamics of Rotation, Richard F 
Diemel Applications of gyroscopic phenomena stressed in this elementary treat¬ 
ment of the dynamics of rotation. Covers velocity on a moving curve, gyroscopic 
phenomena and apparatus, the gyro-compass, stabilizers (ships and monorail ve- 
Dicles). Remarkably concise and generous treatment,” Industrial Laboratories 
75 figures. 136 exercises, ix + l 9 2 pp. 6 o 0 66 -l Paperbound $ 1.75 
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Introduction to Astrophysics: The Stars, Jean Dufay. Best guide to ob- * 
servational astrophysics in English. Bridges the gap between elementary populariza- 
tion$ and advanced technical monographs. Covers stellar photometry, stellar spectra 
'and classification, Hertzsprung-Russell diagrams, Yerkes 2-dimensional classifica¬ 
tion, temperatures, diameters, masses and densities, evolution of the stars. Trans¬ 
lated by Owen Gingerich. 51 figures, 11 tables, xii -f- 164pp. 

(USCO) 60771-2 Paperbound $2.00 

Introduction to Bessel Functions, Frank Bowman. Full, clear introduction to 
properties and applications of Bessel functions. Covers Bessel functions of zero 
order, of any order; definite integrals; asymptotic expansions; Bessel's solution to 
Kepler s problem; circular membranes; etc. Math above calculus and fundamentals 
of differential equations developed within text. 636 problems. 28 figures, x -f- 
135pp. 60462-4 Paperbound $1.75 

Differential and Integral Calculus, Philip Franklin. A full and basic intro¬ 
duction, textbook for a two- or three-semester course, or self-study. Covers para¬ 
metric functions, force components in polar coordinates, Duhamel's theorem, 
methods and applications of integration, infinite series, Taylor's series, vectors and 
surfaces in space, etc. Exercises follow each chapter with full solutions at back 
of the book. Index, xi -f 679pp. 62520-6 Paperbound $4.00 

The Exact Sciences in Antiquity, O. Neugebauer. Modern overview chiefly 
of mathematics and astronomy as developed by the Egyptians and Babylonians. 
Reveals startling advancement of Babylonian mathematics (tables for num<v -i 
computations, quadratic equations with two unknowns, implications that P/u.. 
gorean theorem was known 1000 years before Pythagoras), and sophisticate* 4 
astronomy based on competent mathematics. Also covers transmission of th:. 
knowledge to Hellenistic world. 14 plates, 52 figures, xvii -+- 240pp. 

22332-9 Paperbound $2.50 


The Thirteen Books of Euclid's Elements, translated with introduction and 
commentary by Sir Thomas Heath. Unabridged republication of definitive edition 
based on the text of Heiberg. Translator’s notes discuss textual and linguistic 
matters, mathematical analysis, 2500 years of critical commentary on the Elements. 
Do not confuse with abridged school editions. Total of xvii + 1414pp. 

60088-2, 60089-0, 60090-4 Three volumes, Paperbound $• ‘ 1 


An Introduction to Symbolic Logic, Susanne K. Langer. Well-known intro¬ 
duction, popular among readers with elementary mathematical background. Starts 
with simple symbols and conventions and teaches Boole-Schroeder and Russell- 
Whitehead systems. 367pp. >4-1 Paperbound $2.25 
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